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Abstract 
 
Pongamia pinnata (Pongamia) is a multipurpose tree that has been used traditionally for medicine, 
green manure, insecticide, fuel and also a source of timber.  It is an indigenous plant to the Indian 
subcontinent and Southeast Asia, and has been successfully introduced to Northern Australia, New 
Zealand and several other countries with humid tropical lowlands. Recently, Pongamia has attracted 
interest as one of the alternative feedstock for biodiesel productions due to its ability to produce 
seeds with high oil content. The fatty acid methyl ester (FAME) composition of Pongamia met the 
biodiesel specification standards of USA (ASTMD 6751), Germany (DIN 51606) and European 
Standard Organisation (EN 14214), and is considered as one of the most suitable sources of 
biodiesel. Despite the positive attributes described above, Pongamia is not a domesticated species 
and further research is required for the selection of elite cultivars with desirable traits optimal for 
large scale production of Pongamia oil. In addition, limited information is currently available 
regarding the flowering mechanism of Pongamia at the molecular level that could provide the 
platform for the development of oil-rich seeds.  
 
The aim of this thesis is to provide insight and increase the understanding of the genetic network 
that leads to flowering in Pongamia. Based on large phenotypic diversity of Pongamia, this 
information could subsequently be used to determine and select traits with unique flowering time 
that will allow a harvesting window, where harvesting process will not clash with flowering. The 
first objective of this project is to identify, isolate and characterise the candidate genes that regulate 
flowering time in Pongamia. This was achieved using molecular biology techniques and 
bioinformatic approaches based on the information available on flowering mechanisms of 
Arabidopsis and soybean in the literature. The second objective of this project is to determine the 
expression pattern of isolated genes during flowering onset. This was achieved through 
transcriptome methodologies such as RT-PCR and qRT-PCR. The third objective of this project is 
to investigate the genetic variety of Pongamia. This was achieved through Single Nucleotide 
Polymorphism (SNPs) analysis and its correlation with the late flowering phenotype of Pongamia.  
 
PpCOL-1 and PpPHYB are the two genes that were investigated in this thesis. The orthologue genes 
of PpCOL-1 and PpPHYB are involved in the flowering regulation of the annual plant Arabidopsis. 
Since Arabidopsis and Pongamia are both long day plants, it is postulated that these genes might 
play a role in the flowering time control in Pongamia. PpCOL-1 and PpPHYB were successfully 
isolated, characterised and compared to their respective orthologue genes in Arabidopsis, Soybean 
and Medicago. It was found that the amino acid residues within the domain regions in these genes 
 iii 
are highly conserved in Pongamia. Interestingly, there were no significant differences in the 
expression patterns of PpCOL-1 and PpPHYB in plants under long day or short day conditions. 
Their genetic diversity were also utilised to study the correlation of SNPs in the gene with their 
flowering phenotype. These results provide insight into the possible roles of PpCOL-1 and PpPHYB 
in flowering regulation of Pongamia.  
 
In summary, the outcome of this project demonstrates the many factors that are associated in 
flowering time control in Pongamia, which is suggested to involve highly conserved genes. 
However, further studies especially on the functional aspect of these genes will need to be done to 
increase our understanding of their roles in Pongamia. It could be useful in creating a molecular 
platform for traits selection of flowering time in the future. Based on the large phenotypic diversity 
of Pongamia, this information could subsequently be used to determine the selection of traits with 
unique flowering time that will allow a harvesting window, where the harvesting process will not 
clash with flowering and subsequently ensuring the optimum yield of seeds favourable for biofuel 
production. 
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Chapter 1  General Introduction  
 
1.1 Global Energy Needs 
The global population is currently relying on petroleum, natural gas and coal as the primary sources 
of energy in everyday applications. These sources of energy were formed millions of years ago and 
are considered non-renewable energy sources (Williams, 2011). The importance of these fossil-
based fuels in everyday lives is undeniable, from everyday use to industrial applications. A statistic 
reported by the International Energy Agency (IEA) has shown a large increase in the total 
consumption of fossil-based fuel for the past four decades in which 6,185 million tonnes of oil 
equivalent (Mtoe) of fossil fuels have been consumed in 2013, compared to 3,542 Mtoe in 1973. 
Although there is a decrease in the fossil fuel consumption from 1973 to 1975 due the world’s first 
oil crisis, the total consumption of fossil-based fuel has shown a steady increase over the years 
(1971 to 1973 and 1975 to 2013). This has contributed to the significant increase in the carbon 
dioxide (CO2) emissions throughout this period, from 15,515 million tonnes (Mt) to 32,190 Mt 
(IEA, 2015). 
 
Growing concerns about the depletion of these limited resources together with the environmental 
effect of mining and consumption of these fuels have driven intensive research in renewable 
alternatives and resulted in various sources being used, including biomass used for fuel (Hill et al., 
2006; Demirbas, 2009; Sharma and Singh, 2009). Biodiesel, a type of biofuel is a FAME produced 
from renewable lipid feedstock including animal fat and vegetable oil through the simple 
transesterification process (Chandrashekar et al., 2012). However, certain issues will need to be 
considered regarding the crop-based biofuel production. It will require a large use of fertile land and 
freshwater to grow the feedstock in order to meet the demand of fuel, causing competition with 
food crops as it may reduce the amount of land and freshwater available for food crops (Biswas et 
al., 2011). As population and income growth will increase the global food demand by up to 98% by 
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the year 2050 (Valin et al., 2014), it is predicted that the competition between food and fuel will 
lead to a global food crisis and the related increase in food prices. 
 
Biofuel production involves many stages from growing crops to biofuel processing. Therefore, the 
net energy balance (NEB) will need to be assessed to ensure that more output energy is being 
produced by the biofuel compared to the amount of energy used during production. Hence, the 
choice of feedstock for biofuel should not only be more environmentally beneficial than fossil-
based fuel, but it also needs to have the lowest negative impact towards food supplies in order to be 
produced in large quantity at a minimum cost with a positive NEB (Hill et al., 2006).  
 
1.2 Pongamia pinnata (Pongamia), a Legume Tree with Biodiesel Potential 
Pongamia pinnata (also called Millettia pinnata) is a multipurpose tree that has been used 
traditionally for medicine, green manure, insecticide, fuel and also a source of timber (Muthu et al., 
2006; Pavela, 2009). It is a legume tree from the Fabaceae family and belongs to the subfamily 
Papilionaideae and the Millettieae tribe (Figure 1.1). An indigenous plant to the Indian subcontinent 
and southeast Asia, it has been successfully introduced to Northern Australia, New Zealand and 
several other countries with humid tropical lowlands (Scott et al., 2008; Pavithra et al., 2012). In 
recent years, it has attracted interest as one of the alternative feedstock for biodiesel productions 
due to its ability to produce seeds with high oil content and grow in marginal land (Biswas et al., 
2011).  
 
1.2.1 Pongamia as a Suitable Candidate for Biodiesel 
Pongamia can produce 15,000–20,000 seeds in a year, with each seed weighing about 1–3 g. This is 
equivalent to 22–30 kg of seeds produced per tree annually. Claims of up to 90 kg seed per tree per 
year are reasonable but not average. As each seed contains up to 45% of oil, Pongamia is potentially 
capable of producing 3,600–4,800 litres per hectare per annum yield of oil (Biswas et al., 2013).  
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Figure 1.1: Pongamia biology. (A) Pongamia flowers. (B) A cluster of Pongamia seed pods (about 5 
cm long). (C) Pongamia seeds (about 2 cm long). Photos courtesy of Professor Peter Gresshoff 
(CILR, UQ). 
 
Monounsaturated oleic acid (C18:1) is the major fatty acid (FA) component of the oil (~45–55%). It 
also contains low quantities of saturated fatty acids, palmitic acid (C16:0) and stearic acid (C18:0) 
(Scott et al., 2008; Pavithra et al., 2012; Biswas et al., 2013). The fatty acid methyl ester (FAME) 
composition of Pongamia oil is favourable for the production of biodiesel, as high percentage of 
oleic acid will produce a low cloud point (temperature where solids are separated from the oil) fuel, 
while less mobile palmitic and stearic acid will raise the cloud point of the fuel. The percentage of 
FAs in the oil determine the saponification number (percentage of fatty acid components), iodine 
value (number of double bonds) and cetane number (the ability of the fuel to ignite after being 
injected), which all determine the engine performance quality of the oil (Azam et al., 2005; Scott et 
al., 2008). In 2005, Azam et al. reported that the saponification number (196.7), iodine value (80.9) 
and cetane number (558.4) of Pongamia FAME met the biodiesel specification standards of USA 
(ASTMD 6751), Germany (DIN 51606) and European Standard Organisation (EN 14214). It is 
considered as one of the most suitable sources of biodiesel from 75 plant species tested (Azam et 
al., 2005).  
 
A major characteristic of Pongamia as a legume is its ability to form nodules on its roots through a 
symbiotic relationship with the nitrogen-fixing bacteria, collectively called rhizobia. This enables 
 4 
them to obtain ammonia by converting nitrogen gas (N2) in the atmosphere to ammonia, which is 
essential for nucleotide and protein synthesis, and general metabolism process (Ferguson et al., 
2010; Samuel et al., 2013). Currently, a lot of fossil fuel is required in the production (Haber-Bosch 
process) and delivery of these nitrogen fertilisers. In comparison to other crops that depend on 
nitrogen fertiliser for crop productivity, growing legumes such as Pongamia as a feedstock for 
biofuel production has the potential to eliminate the need for nitrogen fertilisers. Consequently, 
lower costs and lesser amount of fossil energy will be used, benefitting both the environment and 
economy. In addition, fertiliser-associated pollution such as eutrophication can also be reduced 
(Ferguson et al., 2010; Jensen et al., 2012).  
 
Pongamia can also form effective symbiotic interactions with mycorrhizal fungi, which would 
likely improve their capacity to absorb water and mineral uptake (Scheublin et al., 2004; Bonfante 
and Genre, 2010). Moreover, Pongamia has high tolerance towards drought and salinity, enabling it 
to grow on marginal land, which is unsuitable for food crop production (Tomar and Gupta, 1985; 
Biswas et al., 2013). These advantages could eliminate the food versus fuel debate especially in 
terms of competition for fertiliser, land and water.  
 
1.2.2 Flowering Time Control as an Aspect of Improvement in Pongamia 
Despite the positive attributes described above, an improvement program still needs to be done to 
lead to the selection of elite cultivars with desirable traits optimal for large-scale production of 
Pongamia oil (Table 1.1). Classical selection and breeding is slow for a tree the size of Pongamia. 
Furthermore, Pongamia displays wide phenotypic diversity due to its outcrossing nature, which will 
be a problem for plantation management (Jiang et al., 2013). Therefore, biotechnological 
approaches will need to be applied to accommodate the time frame needed to meet future fuel 
demands (Biswas et al., 2011; Kazakoff et al., 2012). Amongst research areas that need to be 
carried out to produce a domesticated Pongamia for the biodiesel industry, flowering, especially the 
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study of control of flowering time in Pongamia, is one of the most important traits that need to be 
investigated, as it provides the platform for the development of oil-rich seeds.  
 
Table 1.1: Traits that should be investigated for optimum Pongamia cultivar development. Adapted from 
(Biswas et al., 2011). 
 
Traits Milestone(s) 
Cropping cycle Repeated annual 
Crop production Uniform annually 
Seed mass per tree High yield 
Seed oil content High yield 
Seed oil composition Low cloud point/ low free fatty acids/ high bio-stability 
Growth vigour Strong at both juvenile and adult stages, deep rootedness 
Tree architecture Appropriate for both growth and seed harvesting 
Seed abscission Optimised for next flowering and harvesting 
Biotic stress Resistance to insects, nematodes, fungi, bacteria and viruses 
Flowering time Optimised for harvesting period 
Nitrogen fixation Efficient to minimise fertiliser requirements 
Water use efficiency Suitable for low rainfall and irrigation 
Abiotic stress Hardiness to cold, acid soils, drought and salinity 
 
1.3 Plant Flowering System 
Flowers are a major characteristic of angiosperms, the largest and most diverse group of plants 
consisting of at least 295,383 species to date (Christenhusz and Byng, 2016). Flowering is one of 
many key processes in plants. Flowers are essential for enabling sexual reproduction, and are 
involved with all essential steps, including gametogenesis, pollen and ovule development, 
pollination, and fertilisation. These essential steps lead to the production of new seeds, thus 
maintaining the continuity of the angiosperms. To ensure their survival in the environment, plants 
have developed highly regulated control mechanisms to flower at specific times to guarantee utmost 
reproductive success. As flowers are vulnerable to stress, plants will ensure that they have sufficient 
resources to reproduce and protect their reproductive organs from harsh environmental conditions 
(Jung and Müller, 2009; Samach, 2012). This flowering time control happens through the 
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interaction of multiple pathways upon the detection of certain factors or changes in the 
environment.  
 
Plants undergo a vegetative phase of growth until they become competent to reproduce. The 
transition from vegetative growth to sexual reproduction is subject to endogenous pathways and 
environmental cues. Endogenous pathways, sometimes referred as autonomous flowering, are 
related to the developmental stage of the plant and act independently of environmental factors due 
to the lack of environmental influence in flowering. For example, Nicotiana tabacum, a variety of 
tobacco, will flower after they have formed critical number of nodes without the influence of the 
environment (McDaniel and Hsu, 1976). The commonly studied environmental changes are day 
length (photoperiod) and winter temperature (vernalisation), while other environmental factors such 
as water and mineral availability, light quality and neighbouring vegetation also play their part. 
However, the influences of these endogenous and environmental changes in controlling the 
flowering time are different between and within species (Allard, 1919; McDaniel and Hsu, 1976; 
Bernier and Périlleux, 2005; Amasino and Michaels, 2010). 
 
The availability of necessary genetic and molecular biology tools has enabled the mechanisms of 
flowering to be extensively studied in Arabidopsis thaliana (Arabidopsis). Identification and 
isolation of mutants in the timing of flowering together with research into photoreception, circadian 
clock regulation, growth regulator synthesis and response have enabled scientists to characterise the 
complexity of the flowering network in this annual plant (Bernier and Périlleux, 2005; Imaizumi 
and Kay, 2006; Thomas, 2006; Jung and Müller, 2009; Amasino and Michaels, 2010; Andres and 
Coupland, 2012).  
 
1.3.1 Photoperiod as a major regulatory factor of flowering 
Photoperiod or day length is predictable and provides a reliable environmental signal for the 
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changing of seasons. For example, long day length is associated with summer and short day length 
is associated with the winter season. Photoperiod controls many developmental responses in 
animals and plants. A study from more than 90 years ago (Garner and Allard, 1920) revealed that 
relative day length affects growth and development in plants, including the transition from the 
vegetative state to sexual reproduction. Since then, numerous advances have been made to better 
understand the mechanisms involved in regulating flowering time control especially in the annual 
plant, Arabidopsis. The response of plants in flowering control with regards to photoperiod includes 
several mechanisms, such as light signals detection in the leaves through photoreceptors, circadian 
rhythm entrainment as well as the production and transmission of mobile signals throughout the 
plant (Jarillo et al., 2001). The mobile signals transmitted is increased in the favourable photoperiod 
condition, which strongly influences the timing of flowering. 
 
There are three major classifications of the response of plants in relation to the duration of light 
exposure (Andres and Coupland, 2012). Long day plants, including Arabidopsis and Lolium 
temulentum (Darnel), will flower when the day is longer than a critical length, particularly in the 
summer. Inversely, short day plants, including Glycine max (Soybean) and Ipomoea nil (Japanese 
Morning Glory) will flower when the day is shorter than the critical length. Plants that flower 
independently of day length such as Lycopersicon esculentum (Tomato) are day-length neutral 
plants (Mouradov et al., 2002; Bernier and Périlleux, 2005; Tan and Swain, 2006; Andres and 
Coupland, 2012). However, the term ‘short day’ and ‘long day’ are relative and can have a different 
interpretation between other species. Arabidopsis, for example, would experience long day if they 
are exposed to 16 hours of light, which is associated with summer. The development of these plants 
is largely determined by this day length factor. For instance, when Arabidopsis are exposed to short 
day, they continuously undergo vegetative development. As the day grows longer, Arabidopsis will 
enter its reproductive developmental stage and begin to flower through the genetic regulatory 
network involving highly regulated control mechanisms. This respond towards changes in day 
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length is in agreement with classical literature describing the effect of relative day length on growth 
and reproduction in plants (Garner and Allard, 1920). These regulatory networks and mechanisms 
will be discussed in more detail in the subsequent sections. 
 
1.3.2 Photoperiodic Flowering Regulatory Components 
In Arabidopsis, photoperiodic flowering pathways involve a regulatory network of many 
components that converge towards the floral meristem identity genes which are located in the shoot 
apical meristem (SAM). The CONSTANS (CO) gene is regarded as the central component of 
photoperiodic flowering pathways in Arabidopsis as it triggers a floral inducer, namely 
FLOWERING LOCUS T (FT) in the leaf vascular tissue, by transcriptional activation through direct 
interaction with the FT promoter (Putterill et al., 1995; Valverde et al., 2004; Bernier and Périlleux, 
2005; Tiwari et al., 2010; Andres and Coupland, 2012). The translational product of CO belongs to 
a family of transcriptional regulators, each containing one or two B-boxes zinc finger domains at 
the N-terminus as well as conserved CCT (CONSTANS, CONSTANS-LIKE and TIMING OF CAB 
EXPRESSION) motifs at the C-terminus that may have DNA binding function (Robson et al., 
2001). The regulation of CO is dependent on the photoperiod. Under long day conditions, 
accumulation of CO protein is concurrent with the presence of light of appropriate wavelength and 
leads to the activation of FT locus (Suarez-Lopez et al., 2001; Bernier and Périlleux, 2005).  
Overexpression of CO using the cauliflower mosaic virus 35S promoter in Arabidopsis led to an 
earlier flowering phenotype in the transgenic plants compared to the wild-type, regardless of the 
day length, indicating that the amount of CO expressed in the wild-type is the limitation that 
controls the flowering time (Onouchi et al., 2000). 
 
FT is a member of CETS protein family in Arabidopsis consisting of CENTRODIALISIS (CEN) 
TERMINAL FLOWER 1 (TFL1), TWIN SISTER OF FT (TSF), MOTHER OF FT AND TFL1 (MFT) 
and BROTHER OF FT AND TFL1 (BFT) (McGarry and Ayre, 2012). They share homology with 
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the phosphatidylethanolamine-binding proteins (PEBP), also known as Raf1 kinase inhibitor 
proteins (Mouradov et al., 2002; Andres and Coupland, 2012). The CETS family has been reported 
to play an important role in plant architecture by controlling the balance and distribution of 
vegetative and sexual growth in plants, more than the photoperiodic induction of flowering (Shalit 
et al., 2009; McGarry and Ayre, 2012). 
 
FT is the key protein with a major role in the flowering signal (florigen), which was previously 
unknown for more than 70 years. It is transmitted from the leaf to the SAM through the phloem to 
promote floral initiation (Lucas-Reina et al., 2015). Studies have shown that expression of micro 
RNA (miRNA) in the phloem tissue targeted to FT mRNA caused the plant to flower late, but had 
no effect when expressed in the SAM, indicating that its mRNA is required in the phloem and 
transported to the SAM (Mathieu et al., 2007; Andres and Coupland, 2012). There is also a 
suggestion that a close paralogue of FT, TWIN SISTER OF FT (TSF) worked partly redundant with 
FT in promoting flowering. It encodes mobile proteins that are transported from the companion 
cells of the leaves into the SAM through the phloem (Mathieu et al., 2007). Overexpression of TSF 
in transgenic plants resulted in early flowering phenotype, similar to plants that overexpressed CO 
and FT (Kobayashi et al., 1999). 
 
GIGANTEA (GI) is a circadian clock component gene with motifs of unknown function that was 
identified 50 years ago as a late flowering mutant in Arabidopsis (Rédei, 1962; Sawa et al., 2007). 
GI acts upstream of CO and FT, and regulates the transcription of CO. This will in turn increase the 
abundance of FT mRNA, therefore promoting early flowering (Mizoguchi et al., 2005; Mishra and 
Panigrahi, 2015). Furthermore, a decrease in CO mRNA in GI mutants compared to its wild-type 
leads to late flowering phenotype, while overexpression of GI increased the expressions of CO and 
FT and promotes early flowering in both LD and SD (Suarez-Lopez et al., 2001; Mizoguchi et al., 
2005). 
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FLAVIN KELCH REPEAT F BOX 1 (FKF1) encodes a protein that contains an LOV (light, oxygen, 
voltage) domain, F box domain common in protein that regulates ubiquitin-mediated degradation 
and kelch motifs that facilitate protein-protein interactions (Nelson et al., 2000). Its mutant, fkf1, 
expresses late flowering phenotype compared to wild-type under long day exposure, suggesting the 
involvement of FKF1 in the regulation of photoperiodic pathways. FKF1 depends largely on GI 
function, forming a complex (GI-FKF1) that positively regulates CO and showing similarity in the 
duration of interaction with CO daytime expression (Nelson et al., 2000; Sawa et al., 2007). 
CYCLING DOF FACTOR (CDF) is a group of transcription factors that directly represses CO 
transcription, as overexpression caused late flowering under LD condition. Although CDF activity 
is dependent on the GI-FKF1 protein complex, it is important in the photoperiodic flowering 
control and mutation in the CDF genes resulted in early flowering phenotype regardless of the 
photoperiodic condition (Imaizumi et al., 2005; Fornara et al., 2009). 
 
Phytochrome and Cryptochrome are photoreceptors involved in light sensing system that have been 
proposed to play a role in the regulation of photoperiodic flowering time control. Phytochrome 
family can undergo photoconversion between inactive (Pr) and active forms (Pfr) in response to 
different wavelengths and regulates many other plant developmental responses to light signals from 
the environment (Smith, 2000). In terms of flowering time regulation, PHYTOCHROME B (PHYB) 
has been proposed to act as a suppressor of CO by promoting the degradation of CO protein in the 
morning, while PHYTOCHROME A (PHYA) together with CRYPTOCHROME 2 (CRY2) 
antagonise this degradation and stabilise the CO protein level, leading to the activation of FT 
(Valverde et al., 2004). CRY2 is a blue light receptor that facilitates light regulation of gene 
expression in Arabidopsis and other species (Yu et al., 2010; Zuo et al., 2011). It interacts with 
SUPPRESSOR OF PHYTOCHROME A (SPA1), a gene that encodes WD repeats motif commonly 
involved in protein-protein interactions (Hoecker et al., 1999). CRY2 directly inhibits 
CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1) and reduces the degradation activity of CO 
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by the COP1-SPA1 ubiquitin ligase complex (Zuo et al., 2011; Andres and Coupland, 2012). 
 
1.3.3 Mechanism of Photoperiodic Flowering Time Control in Arabidopsis 
In response to long day condition, regulation of CO mRNA level by light and circadian clock 
component caused it to peak after 12–16 hours after dawn and is essential for photoperiod flowering 
as it will activate the transcription of FT (Sawa et al., 2007). GI interacts and stabilises FKF1 
(Imaizumi et al., 2003; Sawa et al., 2007), and through this interaction, FKF1 degrades CDF and 
increases the level of CO mRNA (Fornara et al., 2009). COP1-SPA1 ubiquitin ligase complex, 
which is involved in post-translational regulation by degrading CO level during the dark, is 
inhibited by light and by activated CRY2 and PHYA at the end of long day (Valverde et al., 2004; 
Jang et al., 2008; Fornara et al., 2009). During short day, GI-FKF1 complex, which is only 
expressed 10 hours after dawn and expressed in the dark, becomes inactive. Therefore, CDF is not 
degraded, enabling it to repress CO transcription. This causes CO mRNA to only peak in the dark 
and be degraded by the COP1-SPA1 ubiquitin ligase complex (Andres and Coupland, 2012).  
 
Although photoperiod has been suggested to occur in the leaves, flowering development occurs in 
the SAM. As a result of FT protein movement to the SAM, plants shift their growth from vegetative 
state to sexual reproduction state through a series of genetic and morphological changes that 
eventually produces flowering. Signals from FT and TSF interact with a bZIP transcription factor, 
FLOWERING LOCUS D (FD) (Abe et al., 2005). This resulted in the upregulation of 
SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1) in the SAM, and activation of 
the transcription of floral meristem identity gene, LEAFY (LFY). Interaction of FT and FD also 
trigger SQUAMOSA BINDING PROTEIN LIKE (SPL) in the meristem and activate another floral 
meristem identity gene, APETALA 1 (AP1) that is responsible for the flower formation (Abe et al., 
2005; Wigge et al., 2005; Andres and Coupland, 2012). 
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1.3.4 Vernalisation Pathway 
Some plants varieties such as winter annuals of Arabidopsis, require exposure to low winter 
temperatures for several weeks to initiate the flowering stage. This response is known as 
vernalisation, in which exposure to this lower temperature will reduce the expression of flowering 
repressor allowing them to flower during the following spring or summer (Mouradov et al., 2002; 
Andres and Coupland, 2012). FLOWERING LOCUS C (FLC) and FRIGIDA (FRI) are two genes 
that are mainly responsible in the vernalisation pathway, isolated from genetic analysis between the 
summer and winter annuals of Arabidopsis (Lee et al., 1994; Michaels and Amasino, 1999; 
Mouradov et al., 2002). Winter annual varieties were found to have a higher level of FLC mRNA 
and protein compared to the summer annual varieties. Overexpression of FLC in summer annuals 
by the 35S promoter has resulted in late flowering phenotype, hence supporting the role of FLC as a 
repressor of flowering. FLC encodes a MADS box transcription factor and works together with 
another MADS box protein, SHORT VEGETATIVE PHASE (SVP) as a direct repressor of the 
flowering promoting genes involved in the photoperiodic pathway, FT, SOC1 and FD by blocking 
their transcription (Michaels and Amasino, 1999; Sheldon et al., 1999). FRI is a plant specific gene, 
which encodes coiled-coil domains that might be involved in protein-protein interactions. Although 
its biochemical function is unknown, the product of FRI is important for the high level expression 
of FLC (Michaels and Amasino, 1999; Sheldon et al., 1999; Johanson et al., 2000). 
 
Vernalisation does not necessarily induce flowering in plants directly, as many plant species that 
require vernalisation to flower such as biennial sugar beet and winter annual of Arabidopsis, also 
requires other environmental factors. In a way, exposure to vernalisation will provide and accelerate 
competence to flower in plant (Kim et al., 2009). Exposure to low winter temperature for a 
prolonged period progressively reduces FLC mRNA level. After the completion of the vernalisation 
response, exposure to favourable photoperiod condition which is the long day of spring or summer 
for Arabidopsis will activate the photoperiod pathway and promote flowering (Sheldon et al., 2000; 
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Mouradov et al., 2002). This example can also be seen in cereals such as wheat and barley, whose 
vernalisation has been studied at a molecular level. The genetic differences between the winter and 
spring varieties of these cereals have been discovered and analysed for its function. 
VERNALISATION 1 (VRN1) is a floral meristem identity gene that plays dual role in promoting 
floral transition and also in repressing VERNALISATION 2 (VRN2), a flowering repressor 
(Trevaskis et al., 2003; Yan et al., 2003; Yan et al., 2004; Shitsukawa et al., 2007). Through the 
photoperiodic pathway, long day condition will activate VERNALISATION 3 (VRN3), an orthologue 
of FT in Arabidopsis. VRN3 acts as a floral integrator gene, which will in turn activate VRN1 (Yan 
et al., 2006). VRN2, however, will repress the expression of VRN3 in non-vernalised plant, and 
reduce the influence of the photoperiod pathway activation. Exposure to vernalisation stimulates 
VRN1 to suppress VRN2, which will allow photoperiod activation of VRN3 expression (Yan et al., 
2004; Yan et al., 2006). The vernalisation requirement by these temperate cereals is a critical 
agronomic trait and have been utilised in order to maximise the size of the plant and seed yields. 
These crops will be planted in late summer, and would not flower until they are exposed to 
vernalisation. They will only flower in the following spring or summer, allowing extended period of 
growth to the crops (Kim et al., 2009). 
 
To reiterate, vernalisation pathway mechanisms have been developed in plants located in temperate 
regions to ensure they flower at the right time, where the environmental conditions are most 
favourable for their reproduction success, such as during spring season. They have utilised cold 
temperature during the winter season as an environmental signal, which is required to give plants 
maximum competency to flower. As such, plants that grow in a tropical and sub-tropical climate 
might not be affected by the vernalisation factor, at least not in the aspect of flowering time control. 
Findings of flowering studies in tropical species such as rice have showed that homologs of CO and 
FT to be responsible in regulating flowering time in response to photoperiod (Kojima et al., 2002). 
This highlights the importance of photoperiod pathways in flowering time regulation across plants 
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of different climates. However, vernalisation has not been reported to be responsible in regulating 
flowering time in tropical species, and its importance might only be limited to plants in temperate 
climate (Yanovsky and Kay, 2003).  
 
1.3.5 Flowering Control in Perennials 
Apart from annual plants, the ecosystems consist of perennial plants that flower repeatedly, through 
seasonal cycles of vegetative and sexual growth. This is different from annual plants like 
Arabidopsis, where flowering will lead to the end of their life cycle. Some perennial plants such as 
woody poplar will undergo a successive period of vegetative growth until they reach sexual 
maturity (Thomas, 2006; Albani and Coupland, 2010). This is important to ensure they have gained 
enough biomass required before they flower in order to sustain their perennial flowering traits. 
Generally, perennial plants will restrict their flowering to a short or seasonal period, before 
returning to their vegetative development. As perennial plants generally live for many years, the 
ability to restrict their short flowering period is essential to ensure them to have sufficient 
vegetative development and prepare them for the next flowering season (Hsu et al., 2011; Andres 
and Coupland, 2012). Examples of perennial plants include some member of the Arabidopsis genus 
such as Arabidopsis lyrata, Arabis alpina (Arabis) and Poplar (Kuittinen et al., 2008; Wang et al., 
2009).   
 
Compared to annual plants, molecular studies on the flowering aspect of perennial plants have been 
limited due to their long life cycle and long periods of vegetative development before they reach 
their sexual maturity, together with the unavailability of genomic information that can be used. 
However, some perennial plants have been used as plant genetic models in studying flowering 
control. Studies in diploid perennials Arabis, a member of Brassicaceae, and a close related species 
to Arabidopsis have found that PERPETUAL FLOWERING 1 (PEP1) and TERMINAL FLOWER 1 
(TFL1) are involved in the regulation of flowering in Arabis (Koch et al., 2006; Ansell et al., 2008; 
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Wang et al., 2009; Wang et al., 2011). In Poplar, several genes including FT-like genes (FT1 and 
FT2) are responsible in regulating the transition between the reproductive and vegetative 
development (Böhlenius et al., 2006; Hsu et al., 2011). 
PEP1 is an orthologue of FLC in Arabidopsis, a gene that plays a role in suppressing flowering 
(Michaels and Amasino, 1999). In Arabidopsis, FLC transcription factor will be repressed when 
plants are exposed to vernalisation, promoting transition to floral development. PEP1 however, will 
only be temporarily repressed when plants are exposed to vernalisation. This repetition of 
repression and activation of PEP1 expression plays an important role in the perennial characteristic 
of Arabis, the repeated cycle of seasonal flowering and vegetative growth. TFL1 is an orthologue of 
TFL1 gene in Arabidopsis whose function is to delay flowering especially during short day, as 
proven by a tfl1-1 mutant that exhibited early flowering regardless of the growth condition 
(Shannon and Meeks-Wagner, 1991). In Arabis, TFL1 is responsible in preventing young plants 
exposed to vernalisation from flowering. Exposure to vernalisation will reduce the expression of 
PEP1, increase the expression of SOC1 in Arabis and promote flowering. TFL1, however, will 
suppress the expression of LFY, and prevent flowering in young plants (Wang et al., 2011). 
Furthermore, TFL1 has also been suggested to increase the period of vernalisation needed for older 
plants to promote flowering (Wang et al., 2011).  
 
Woody perennial Poplar is a plant model that has been used to analyse the seasonal flowering 
behaviour in trees. Compared to the Arabidopsis, perennial tree such as Poplar will undergo several 
years period of juvenility, before reaching their reproductive developmental stage, often associated 
with maturity. Several repressor genes in Arabidopsis have been proposed to play important roles in 
regulating floral transition between juvenile period to maturity. These genes include plant 
Polycomb group proteins (PcG) EMBRYONIC FLOWER2 (EMF2), FERTILISATION-
INDEPENDENT ENDOSPERM (FIE) and PHD finger protein EARLY BOLTING INSHORT DAYS 
(EBS), and mainly involved in chromatin mediated control of gene expression (Sung et al., 2003; 
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Brunner and Nilsson, 2004). There are possibilities that these genes might be playing the same role 
in restricting floral initiation in juvenile tree, but the mechanism is still unknown. Gibberelin 
signalling has also been reported to inhibit flowering in woody trees, and application of its function 
has been used to promote precocious flowering in several fruit tree species such as cherry, peach, 
apricot and lemon (Brunner and Nilsson, 2004). However, attempts to utilise such applications in 
Poplar have failed. 
 
Although most orthologues of Arabidopsis flowering genes have been found in Poplar, orthologue 
of FLC, such as PEP1, which plays an important role in regulating transition cycle between 
flowering and vegetative development, has not yet been reported. Instead, FT1 and FT2 
(orthologues of FT in Arabidopsis) have been reported to play an important role in regulating this 
flowering behaviour (Hsu et al., 2011). Overexpression of FT1 and FT2 in Poplar using the 
cauliflower mosaic virus 35S results in early flowering phenotype (Böhlenius et al., 2006; Hsu et 
al., 2006). In regard to photoperiod, FT1 and FT2 expression levels has been found to peak at the 
beginning of the night during long day condition, and significantly reduce when plants were 
transferred to a short day condition. This diurnally regulated expression pattern is similar with its 
orthologue gene in Arabidopsis, FT, suggesting that the possible CO-FT regulatory module is 
conserved in Poplar (Böhlenius et al., 2006). Furthermore, the differences in abundance level of 
FT1 and FT2 in regard to photoperiod could be the key in regulating seasonal flowering in Poplar. 
FT1 and FT2 have also been proposed to be responsible in restricting flowering during the 
juvenility period in Poplar, as comparison of FT1 and FT2 expression levels showed that they 
gradually increase as the tree become mature. This also suggests that a significant level of FT1 and 
FT2 expression is essential to initiate flowering and indicates the transition from juvenility period to 
reproductive stage in poplar (Hsu et al., 2006; Hsu et al., 2011).  
 
 
 17 
1.3.6 Current Understanding of Flowering in Pongamia 
Recently, circadian clock genes (PSEUDO-RESPONSEREGULATOR 7 (PRR7), EARLY 
FLOWERING 4 (ELF4), TIMING OF CAB EXPRESSION 1 (TOC1) and LHY/CCA1-LIKE 1 
(LCL1)), which are part of the photoperiod control components, have been isolated and studied in 
Pongamia. They have been reported to be conserved among legumes through multiple alignments, 
phylogenetic analysis, and expression profiling in response to photoperiod (Winarto et al., 2015). 
The morphological structure of the flower has been described by Scott and colleagues (Figure 1.2) 
(Scott et al., 2008). Pongamia flowers resemble a common legume flower consisting of two white 
keel and two light purple wing petals, and a single greenish-white standard petal.  They are large, 
bisexual, mildly fragrant and zygomorphic (Solomon Raju and Rao, 2006; Scott et al., 2008). The 
pollination process is mediated by insects, including several species of long-tongued bees (Apis 
dorsata and Apis cerana indica) and occasionally, wasps. These insects access Pongamia’s nectars, 
causing keel explosion and pollination (Solomon Raju and Rao, 2006; Kukade and Tidke, 2013). 
However, limited information is currently available regarding the molecular basis for the timing and 
formation of flower in Pongamia. 
 
Based on current observation at Pongamia plantation site in Gatton (Queensland, Australia), 
Pongamia starts flowering during early summer, indicating its flowering time is induced by long 
day condition. However, Pongamia is genetically heterogeneous due to its outcrossing nature, and 
displays large phenotypic diversity, including the timing of flowering (Jiang et al., 2013). Pongamia 
trees have a diverse flowering time, ranging from October until January, with some trees even 
flowering in April. This is in agreement with the observation by Solomon Raju and Rao in 2006. 
They described two seasons of flowering amongst Pongamia: the first season during early spring to 
middle of summer, and the second season during early to middle of autumn. The small number of 
Pongamia trees that flower during the second season will generally flower for about two weeks with 
few inflorescences produced (Solomon Raju and Rao, 2006).  
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Figure 1.2: Pongamia flower morphology. (A) Pongamia inflorescence. (B) Petals from dissected 
Pongamia flower. Adapted from (Scott et al., 2008). 
 
Although it generally takes three years after seed germination for a Pongamia tree to flower, some 
selected trees flowered after a year at the Gatton site. These seed-derived Pongamia trees exhibit 
diversity in their flowering time, with 6% of them precociously flowering and producing seeds by 
15 months of age (Jiang et al., 2012; Gresshoff, 2015).	 Whether this is caused by genetic or 
physiological diversity is yet unknown. Often, flowering also overlaps with the harvesting period in 
some trees, and most flowers unfortunately will be destroyed in the process of harvesting the seeds. 
This will have detrimental effects towards the production of oil-rich seeds for the next season. 
Understanding the genetic network and genes that are responsible for flowering time control in 
Pongamia will give a platform for isolation and selection of cultivar with desirable and uniform 
flowering time for the benefit of plantation management. Selecting cultivar with a unique flowering 
time that does not overlap with the mature seed production period will also help to create a 
harvesting window for the oil-rich seeds without affecting the productivity of the crops for the 
incoming seasons. 
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1.4 Aim and Objectives of Research 
Pongamia has been gaining interest as a source of future biofuel feedstock. However, an 
improvement program still needs to be done, as it is not a domesticated species yet. Flowering is 
one of the research areas that will need to be looked into, as little information is currently known at 
the molecular level for the timing and formation of flowering in Pongamia. The main aim of this 
thesis is to increase our understanding of flowering genes that might be involved in Pongamia. The 
first objective of this thesis is to identify, isolate and characterise the candidate genes that regulate 
flowering time in Pongamia. The second objective of this thesis is to determine the expression 
pattern of isolated genes during flowering onset. The third objective is to analyse the genetic variety 
of Pongamia and its relation to different flowering phenotypes. 
 
This thesis consists of six chapters. In Chapter 1, the current knowledge of flowering time control 
regulated by these pathways was discussed. The importance of flowering study towards a biofuel 
potential feed crop, Pongamia, the subject of interest of this thesis, was also described. The 
experimental materials and methods are described in Chapter 2. The first objective of this thesis, as 
described in Chapters 3–4, was achieved using bioinformatic approaches based on information 
available in the flowering literature of Arabidopsis and Soybean (Table 1.2), and also molecular 
biology techniques. The second objective of this thesis, also described in Chapters 3–4, was 
achieved through transcriptome methodologies such as Reverse Transcription Polymerase Chain 
Reaction (RT-PCR) and Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR). The third 
objective of this thesis was achieved through Single Nucleotide Polymorphism (SNPs) analysis and 
correlation with the late flowering phenotype of Pongamia and is reported in Chapter 5. The overall 
significance of the results presented in this thesis and the future directions are discussed in Chapter 
6.  
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Table 1.2: List of Arabidopsis and Soybean orthologue flowering genes used as reference genes in bioinformatics approach 
 
Arabidopsis Flowering Gene 
Arabidopsis 
Gene 
Identifier 
Reference 
(Arabidopsis) 
Soybean Orthologue 
Gene(s) Reference (Soybean) 
APETALA1 (AP1) AT1G69120 (Benlloch et al., 2011; Liljegren et al., 1999) 
Glyma01g08150 
(Jung et al., 2012; Kim et al., 2012) 
Glyma02g13420 
CONSTANS (CO) AT5G15840 (Suarez-Lopez et al., 2001) 
Glyma13g07030   
Glyma19g05170 (Jung et al., 2012; Kim et al., 2012) 
Glyma08g28370 		
Glyma18g51320 		
CONSTITUTIVE 
PHOTOMORPHOGENIC 1 (COP1) AT2G32950 
(Jang et al., 2009; Liu 
et al., 2010) 
Glyma02g43540 
(Jung et al., 2012; Kim et al., 2012) 
Glyma14g05430 
CRYPTOCHROME 2 (CRY2) AT1G04400 (Zuo et al., 2011) 
Glyma18g07770 (Jung et al., 2012) 
Glyma20g35220 (Jung et al., 2012; Kim et al., 2012) 
Glyma10g32390 (Jung et al., 2012; Kim et al., 2012; Zhang et al., 2008) 
Glyma02g00830 (Jung et al., 2012; Kim et al., 2012) 
CYCLING DOF FACTOR 1 (CDF1) AT5G62430 (Sawa et al., 2007) 
Glyma13g30330 
(Jung et al., 2012) 
Glyma15g08860 
FLAVIN KELCH F BOX 1 (FKF1) AT1G68050 (Nelson et al., 2000; Song et al., 2012) 
Glyma05g34530 
(Jung et al., 2012; Kim et al., 2012) 
Glyma08g05130 
FLOWERING LOCUS D (FD) AT3G10390 (Abe et al., 2005; Wigge et al., 2005), Glyma01g36810 (Jung et al., 2012) 
FLOWERING LOCUS T  AT1G65480 (Kobayashi et al., 1999) 
Glyma16g26660 (Jung et al., 2012; Kim et al., 2012; 
Kong et al., 2010), Glyma16g04830 
Glyma08g47810 (Kim et al., 2012; Kong et al., 2010; Zhai et al., 2014) 
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GIGANTEA (GI) AT1G22770 (Fowler et al., 1999) 
Glyma09g07240 (Jung et al., 2012) 
Glyma10g36600 (Kim et al., 2012; Watanabe et al., 2011) 
LEAFY (LFY) AT5G61850 (Benlloch et al., 2011; Liljegren et al., 1999) 
Glyma06g17170 (Kim et al., 2012) 
Glyma04g37900 (Kim et al., 2012) 
PHYTOCHROME A (PHYA) AT1G09570 (Briggs and Olney, 2001) 
Glyma09g03990   
Glyma15g14980   
Glyma09g11600 (Jung et al., 2012; Kim et al., 2012) 
Glyma15g23400 		
SCHLAFMÜTZE (SMZ) AT3G54990 (Mathieu et al., 2009) Glyma15g04930 (Jung et al., 2012; Kim et al., 2012) 
SQUAMOSA BINDING PROTEIN 
LIKE (SPL3) AT4G27330 
(Jung et al., 2011; 
Yamaguchi et al., 
2009) 
Glyma13g31090 (Jung et al., 2012) 
Glyma15g08270 (Jung et al., 2012) 
SUPPRESSOR OF 
OVEREXPRESSION OF CONSTANS 1 
(SOC1) 
AT2G45660 (Borner et al., 2000) 
Glyma09g40230 
(Jung et al., 2012; Kim et al., 2012) 
Glyma18g45780 
Glyma03g02200 
(Jung et al., 2012) 
Glyma07g08830 
SUPPRESSOR OF PHYTOCHROME 
A (SPA1) AT2G46340 
(Laubinger et al., 
2006) 
Glyma07g06420 
(Jung et al., 2012; Kim et al., 2012) 
Glyma16g03030 
TERMINAL FLOWERING 1 (TFL1) AT5G03840 (Kobayashi et al., 1999) 
Glyma19g37890 (Jung et al., 2012; Kim et al., 2012; 
Liu et al., 2010; Tian et al., 2010)  Glyma03g35250 
Glyma16g32080 (Kim et al., 2012) 
Glyma09g26550 (Kim et al., 2012) 
TWIN SISTER OF FT (TSF) AT4G20370 (Jang et al., 2009) 
Glyma18g53690 (Kim et al., 2012; Kong et al., 
2010) Glyma18g53680 
 
.
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Chapter 2  Materials and Methods 
 
2.1 Introduction 
In this chapter, materials and methods common to the experimental chapters (Chapters 3–5) are 
described. Further modifications and different methodologies specific to the individual experiments 
are described in the relevant individual chapters.  
 
2.2 Mapping of Reference Genes with Pongamia Databases 
Bioinformatics approach was used to identify the candidates of flowering genes in Pongamia. 
Flowering genes from Arabidopsis and Soybean that were used for this approach is listed in Table 
1.2. They were crucial to the regulation of photoperiodic flowering time and have been reported by 
a number of publications (Fowler et al., 1999; Kobayashi et al., 1999; Nelson et al., 2000; Briggs 
and Olney, 2001; Suarez-Lopez et al., 2001; Sawa et al., 2007; Jang et al., 2009; Zuo et al., 2011; 
Song et al., 2012). Sequences of the flowering genes in Soybean (Jung et al., 2012; Kim et al., 
2012) were obtained from Phytozome v 9.1 database (Goodstein et al., 2012). Geneious Pro version 
6 (http://www.geneious.com, (Kearse et al., 2012) was used to map Pongamia short reads libraries, 
genomic (SRA051251) (Kazakoff et al., 2012) and transcriptome (SRA046342.1) (Huang et al., 
2012) to the Soybean flowering genes, genomic and coding sequences (CDS), in which matching 
sequences within the short reads libraries were aligned with the sequence of reference genes. 
Iterative fine tuning function in the software was utilised to obtain more reads that extend to the 
region that cannot be mapped previously (Figure 1). To explain more, the consensus sequence was 
generated from the first assembly and used as a reference for the second assembly. This process was 
repeated until further assembly would not be able to improve the result. Pongamia consensus 
sequence generated was aligned with the Soybean reference gene for analysis of coverage 
(Appendix 1). 
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Figure 2.1: Illustration of the iterative fine-tuning mapping process of Soybean flowering genes to 
Pongamia short paired reads in the genomic and transcriptome libraries using Geneious Pro version 6. (a) 
Paired end reads from Pongamia genomic and transcriptome libraries were assembled with the reference 
sequence soybean flowering genes. Pongamia consensus sequence was generated from contigs. (b) 
Pongamia consensus sequence generated from (a) was used as reference sequence for mapping with 
Pongamia short paired reads. These processes were repeated until further assembly would not improve the 
result. 
 
The second mapping of these reference genes was carried out because of difficulty in isolating 
genes through polymerase chain reaction (PCR) method, which might cause by designed primers 
belonging to two different genes with the same motif. To overcome this, orthologues of each 
Arabidopsis flowering genes in Soybean were mapped to Pongamia short read libraries together at 
the same time, instead of individual mapping which was previously done. This was achieved 
through "concatenate sequence" function in Geneious. Each orthologue flowering gene with 
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additional 300 base pair (bp) of nucleotide sequence flanking the 5' and 3' regions of each gene was 
combined into a long sequence. This long sequence was used as a reference in the mapping process 
in Geneious (Appendix 2). Primers were then designed from reads that matched to each intended 
gene. 
 
2.3 Plant Materials 
All Pongamia DNA used for the gene isolation work in this study were extracted from young leaves 
collected from Pongamia tree in front of the CILR entrance, labelled as UQ1. For the expression 
analysis of genes of interest in Chapters 3 and 4, Pongamia seeds were germinated and planted from 
Pongamia seeds collected at the UQ Gatton trial site and grown in the glasshouse (4 plants per pot). 
Twelve pots of Pongamia were planted and were grown in the glasshouse for two months under 
long day conditions (15 h light, 9 h dark). Eight pots were then transferred into a room with either 
long day condition (4 pots at 15 h light, 9 h dark) or short day condition (4 pots at 9 h light, 15 h 
dark) at room temperature. To determine the influence of photoperiod on gene expression, leaf 
samples were collected after three weeks at 0 h, 4 h, 8 h, 12 h, 15 h, and 20 h after dawn, and 
immediately frozen in liquid nitrogen and stored at -80 oC. These samples were used for RNA 
extraction for reverse-transcriptase polymerase chain reaction (RT-PCR) and real-time polymerase 
chain reaction (qRT-PCR). 
 
2.4 Buffers/Media Preparation 
2.4.1 CTAB Buffer 
The CTAB (cetyltrimethylammonium bromide) buffer for DNA extraction was made from 0.15 M 
Tris (hydroxymethyl) aminomethane (Tris-Cl), 1 M sodium chloride (NaCl), 15 mM 
ethylenediaminetetraacetic acid (EDTA), 1.5% hexadecyltrimethylammonium bromide (CTAB) 
and Milli-Q water. These ingredients were placed in a 250 mL Schott bottle and left for a few 
minutes for all substances to be dissolved in water. The pH of the solution was measured with a pH 
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meter and adjusted to 7.0 with the addition of hydrochloric acid (HCl) or sodium hydroxide 
(NaOH). The solution was made up to 100 mL with the addition of Milli-Q water, autoclaved and 
stored at room temperature. 
 
2.4.2 TAE Buffer 
Tris-acetate-EDTA (TAE) buffer was used to make the agarose gel and also as electrophoresis 
buffer. TAE was prepared in a concentrated 50x stock solution and diluted to 1x working solution 
for electrophoresis. 1 L of 50x TAE buffer solution was prepared by dissolving 242 g of Tris base, 
57.1 mL glacial acetic acid and 100 mL 0.5 M EDTA (pH 8.0) in 600 mL of deionised water. The 
final volume was adjusted to 1 L with deionised water. 1x working solution was later prepared from 
50x stock solution by diluting the 50x stock buffer with deionised water. 
 
2.5 Gene Isolation 
2.5.1 DNA extraction and Quality Analysis 
The modified CTAB method was used to extract DNA from Pongamia leaves. Pongamia leaves 
were grounded into a fine powder using liquid nitrogen and filled into tubes until about a quarter. 
788 µL CTAB buffer and 12 µL β-mercaptoethanol were added into each 1.5 mL microcentrifuge 
tube and were mixed thoroughly. Samples were heated at 65 °C for 30 min in a water bath. 400 µL 
of chloroform were added to each tube. Following centrifugation at 4000 rpm for 3 min, the top 
phases were transferred into new tubes. 0.5 volume (of the top phases) of chloroform were added to 
each tube prior to centrifugation at 400 rpm for 3 min. After transferring the top phases into new 
tubes, 0.6 volume (of the top phases) of isopropanol were added to each tube and mixed thoroughly 
by inversion. The samples were centrifuged at 13,000 rpm for 5 min. The liquid was removed from 
samples without disturbing the pellet. 500 µL of 70% ethanol were added to each tube and 
centrifuged at 13,000 rpm for 5 min. The liquid was removed from samples and the pellets were 
dried in an air flow cabinet for approximately 10 min or until all liquid were dried. Lastly, the 
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pellets were suspended in 30 µL of water. The quality of DNA extracted was measured using the 
NanoDrop 1000 (Thermo Fisher Scientific) spectrophotometer according to the manufacturer’s 
protocol. Only genomic DNA with the ratio of absorbance at least 1.8 at 260 nm and 280 nm was 
accepted and used for downstream applications. 
 
2.5.2 Primers Design 
Primers used for PCR in this study were designed using the Primer3 software version 0.4.0 
(Koressaar and Remm, 2007) available on its website (http://bioinfo.ut.ee/primer3-0.4.0/primer3/). 
Primers were designed with an annealing temperature between 58–63 °C, lengths between 18 to 22 
bp and percentage of GC content between 40–55 %. 
 
2.5.3 Polymerase Chain Reaction (PCR) 
All PCRs were done in a 25 µL reaction, using 10 to 100 ng of genomic DNA for every reaction 
with Scientifix PCR reagents (Victoria, Australia). The master mix was made with all the PCR 
components listed in Table 2.1, corresponding to the number of reactions. After the addition of all 
the PCR components in each PCR tube (except Taq Polymerase), the reaction was mixed and quick 
spin was performed to collect all the reagents to the bottom of the tube. The reaction was incubated 
at 95 °C for 5 min before the addition of Taq Polymerase into each tube. The PCR thermo cycle 
program used was as follow; 3 min at 95 °C, 35 cycles of 30 s at 95 °C, 30 s at 55 to 63 °C 
(depending on the annealing temperature of the primer pair), 60 to 90 s at 72 °C (depending on the 
expected PCR product size, 1kbp equal to 60 s) and followed by final extension step at 72 °C for 5 
min. The PCR reactions were then cooled at 4 °C for 10 min.  
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Table 2.1: PCR components of a standard 25 µL reaction 
 
Reagents Volume (µL) 
Forward Primer 1.5 
Reverse Primer 1.5 
10x PCR Buffer 2.5 
dNTPs 2 
DNA Template 1 
Taq Polymerase 0.2 
Sterile Milli-Q 
Water 16.3 
Total 25 
 
Gradient PCR was also performed for primer pairs with unsuccessful PCR in order to determine the 
optimum annealing temperature for the PCR reaction. PCR components were mixed according to 
Table 2.1, incubated at 95 °C for 5 min before the addition of Taq Polymerase and the PCR thermo 
cycle program used was as follow; 3 min at 95 °C, 35 cycles of 30 s at 95 °C, 30 s at temperature 
gradient from 52–63 °C, 60–90 s at 72 °C (depending on the expected PCR product size) and 
followed by final extension step for 5 min at 72 °C. The PCR reactions were then cooled at 4 °C for 
10 min. 
 
2.5.4 Agarose Gel Electrophoresis 
Gel electrophoresis was used in this thesis to separate DNA fragments according to their molecular 
size. Smaller DNA fragments will travel further through the gel than larger DNA fragments. The 
DNA size was determined through comparison to a DNA ladder with fragments of known size. 
 
2.5.5 Preparation of Agarose Gel  
Most of the PCR products or genomic DNA visualised with the gel electrophoresis in this thesis 
were run on 1% agarose gel. To make 250 mL of 1% agarose gel, approximately 2.5 g of agarose 
was weighed into a Schott bottle, and 250 mL of 1x TAE buffer was added. The solution was then 
heated in a microwave until the agarose was fully dissolved. Required volume was poured into a 
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conical flask or a beaker, and 0.5 µg/mL of ethidium bromide was added into the agarose gel 
solution and mixed by swirling before the solution was poured into a gel mould. A comb with 
required number of wells was placed inside the gel mould. 
 
2.5.6 Gel Electrophoresis and Gel Imaging 
PCR product was prepared for electrophoresis by the addition of the 6x loading dye consisted of the 
dye bromophenol blue, at a concentration of 1x. Typically, a voltage of 100 Volts was used, while 
running time of the electrophoresis depends on the size of the gel, which varied between 30–60 
min. 
 
Upon completion of the gel electrophoresis, Gel Documentation System (Gel-Doc, Major 
Science™, (SmartView Pro 1200 Image System)) was used to image the agarose gel. This system 
involves the usage of ultraviolet (UV) light to cause the ethidium bromide bound to the DNA 
fragments to fluorescence. The Gel-doc system used in this thesis operated a software program 
(SmartView Pro 1200 Image System) to visualise and capture the image of the gel which can be 
saved on the computer. 
 
2.5.7 PCR Product Purification and Gel Extraction 
One of the strategies in the purification of PCR product for sequencing in this thesis was the direct 
clean-up of the PCR product using the IBI Gel/PCR DNA Fragments Extraction Kit (IBI Scientific, 
Iowa). The sample was transferred into a 1.5 mL microcentrifuge tube. DF buffer was added to the 
sample (5:1, v/v) and mixed by vortexing. The sample mixture was transferred into a DF Column 
that was placed in a 2 mL Collection Tube. Following centrifugation at 16,000 g for 30 s, the flow-
through was discarded and the DF Column was placed back in the 2 mL Collection tube. 600 µL of 
Wash Buffer (absolute ethanol was added to the Wash Buffer prior to initial use) was added into the 
centre of the DF column and left to stand for 1 min. Following centrifugation at 16,000 g for 30 s, 
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the flow-through was discarded and the DF Column was placed back in the 2 mL Collection Tube. 
The sample was centrifuged again at 16,000 g for 3 min to dry the column matrix. The dried DF 
Column was transferred to a new 1.5 mL microcentrifuge tube prior to the addition of 20–50 µL of 
Elution Buffer/TE into the centre of the column matrix. The DF Column was left to stand for 2 min 
or until the Elution Buffer/TE was completely absorbed by the matrix. The purified DNA was 
eluted by centrifugation at 16,000 g for 2 min.  
 
Another method of DNA purification from a PCR product used in this thesis was the gel extraction 
using the QIAquick Gel Extraction Kit (Qiagen, USA) which is a silica membrane-based DNA 
purification method. The DNA fragment from the agarose gel was excised with a clean sharp 
scalpel. The size of the gel slice was minimised by removing extra agarose prior to weighing it in a 
colourless tube. Following the addition of Buffer QG to gel (3:1, v/v), the gel slice was incubated at 
50 °C for 10 min or until it has completely dissolved. The tube was mixed by vortexing every 2–3 
min during the incubation to help dissolve the gel. The colour of the mixture was checked to ensure 
it was yellow when the gel slice has dissolved completely, indicating the optimum pH for an 
efficient adsorption of DNA to the QIAquick membrane. A QIAquick spin column was placed in a 
provided 2 mL collection tube, and the sample was applied to the QIAquick column and centrifuged 
for 1 min at 13,000 rpm to bind DNA. For samples with volume more than 800 µL, excess volume 
was loaded and spun again. After the flow-through was discarded, the QIAquick spin column was 
placed back in the same collection tube. 0.5 mL of Buffer QG was added to QIAquick spin column 
and centrifuged for 1 min at 13,000 rpm to remove all traces of agarose. 0.75 mL of Buffer PE was 
added to QIAquick spin column and left to stand for 2–5 min before centrifuging the sample for 1 
min at 13,000 rpm to wash the spin column. The flow-through was discarded and the QIAquick 
spin column was centrifuged for an additional 1 min at 13,000 rpm. QIAquick spin column was 
placed into a clean and labelled 1.5 mL microcentrifuge tube prior to eluting the DNA by adding 30 
µL of elution buffer to the centre of the QIAquick membrane. The column was left to stand for 1 
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min, following a final centrifugation for 1 min at 13,000 rpm.  
 
2.5.8 PCR Product Sequencing 
Purified PCR product was sent to the Australian Genome Research Facility (AGRF; Gehrmann 
Laboratories, University of Queensland, St Lucia, QLD, Australia) for sequencing using the 
purified DNA (PD) Sanger sequencing method using the forward and reverse PCR primers. Prior to 
sequencing, the quality and concentration of the purified PCR product were measured on a 
NanoDrop 1000 (Thermo Fisher Scientific) spectrophotometer. Each sample submitted contained 
6–75 ng of PCR product (depending on the size of the PCR product), mixed with 0.8 pmol/µL 
appropriate primer and Milli-Q water in a 12 µL reaction and submitted for BigDye Terminator 
(BDT) v3.1 labelling, purification, and sequencing. Sequencing products were later viewed and 
analysed with Geneious Pro version 6 (http://www.geneious.com, (Kearse et al., 2012)).  
 
2.6 Gene Expression Study 
2.6.1 RNA Extraction and Quality Analysis 
In this thesis, the first attempt of RNA extraction from Pongamia leaf sample was performed using 
the TRIzol® LS Reagent (Thermo Fisher Scientific, Australia) protocol. RNA extraction was 
performed in a nuclease-free environment, with special care taken when handling all the samples 
collected by immediately freezing them with liquid nitrogen upon samples collection and also 
working as quickly as possible.  
 
Pongamia leaves were ground to a fine powder in liquid nitrogen and transferred into a 2 mL 
Eppendorf tube. 1.5 mL Trizol Reagent was added to the tube and mixed thoroughly. The 
homogenised sample was incubated at room temperature for 5 min prior to the addition of 300 µL 
of chloroform to the tube. The tube was shaken for 15 s and incubated at room temperature for 2–3 
min. Following centrifugation at 12,000 g for 15 min at 4 °C, the supernatant (aqueous phase 
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containing RNA) was transferred into a new RNAse free tube. 750 µL of isopropanol was added to 
the tube, mixed gently and incubated at room temperature for 10 min. The sample was centrifuged 
at 12,000 g for 10 min at 4 °C prior to removal of the supernatant. The RNA pellets were washed 
with 1.5 mL of 75% ethanol, mixed and centrifuged at 7,500 g for 5 min at 4 °C. The ethanol was 
removed completely using a pipette without disturbing the pellet. The pellet was dried on ice for 
approximately 1 min and resuspended with 50 µL RNAse free H2O. Lastly, the sample was heated 
at 55–60 °C for 10 min in a heating block before being stored in an -80 °C freezer.  
 
Due to the low success rate of RNA extraction using the TRIzol® LS Reagent (Thermo Fisher 
Scientific, Australia) protocol, another RNA extraction kit was utilised for RNA extraction from 
Pongamia leaves. Total RNA was extracted from leaf samples by using Maxwell® 16 LEV simply 
RNA Tissue Kit (Promega, USA) and the AS2000 Maxwell® instrument (Promega, USA) 
according to the manufacturer's instructions. Grounded Pongamia leaves were homogenised in 200 
µL chilled 1-Thioglycerol/Homogenisation solution until no visible tissue fragments remain. 
Samples were homogenised for additional 15–30 s for complete homogenisation. Samples were 
settled on ice in case of foam formation. Shortly before samples were processed on the AS2000 
Maxwell® 16 Instrument, 200 µL of Lysis Buffer was added to the 200 µL of homogenate. Samples 
were vortexed vigorously for 15 s or until all the mixture has mixed with each other. All 400 µL of 
lysate were transferred to well 1 of the Maxwell® 16 LEV Cartridge (MCE). 5 µL of DNase was 
added to well 4, which contained a yellow reagent that will turn to green upon addition of blue 
DNase I, while 30 µL of Nuclease-Free water was added into the elution tube. SimplyRNA program 
was selected on the AS2000 Maxwell® 16 Instrument interface and at the end of the RNA 
extraction process, elution tubes were centrifuged at 10,000 g for 2 min.  
 
The quality of the DNase-treated RNA extracted was measured using the NanoDrop 1000 (Thermo 
Fisher Scientific) spectrophotometer according to the manufacturer protocol. Only RNA samples 
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with a ratio of absorbance ~2.0 at 260 nm and 280 nm were accepted and used for downstream 
applications. 
 
2.6.2 cDNA Synthesis 
First strand cDNA was synthesised from total RNA using the SuperScript™ II Reverse 
Transcriptase System (Invitrogen, California, USA), which is an engineered version of MMLV 
Reverse Transcriptase with reduced RNase H activity and increased thermal stability. 5 µL of 
DNase-treated RNA were added to 6 µL of water. 2 µL of Master Mix 1 consisted of 1 µL of 50 µM 
Oligo (dT) primer and 1 µL of 10 mM dNTPs were added to the mixture and heated at 65 °C for 5 
min. Samples were then placed on ice, and 7 µL of Master Mix 2 (4 µL of 5x First Strand Buffer, 1 
µL of 0.1 M DTT, 1 µL RNase out and 1 µL SuperScript™ II) was added into the tube. Samples 
were then incubated at 50 °C for 1 h, and heated at 70 °C for 15 min. Synthesised cDNA was 
checked with RT-PCR with a Pongamia housekeeping gene, cons7. 
 
2.6.3 Primers Design  
Primers used for the expression study were designed using the Primer3 software version 0.4.0 
(Koressaar and Remm, 2007) available on its website (http://bioinfo.ut.ee/primer3-0.4.0/primer3/). 
Primers were designed according to the parameters mentioned in Section 2.5.2, with the exception 
of the expected product size between primer pair was aimed to be between 100–120 bp. Primers of 
a Pongamia housekeeping gene (cons7) were obtained from a published work by Winarto and 
colleagues (Winarto et al., 2015). 
 
2.6.4 Reverse Transcription Polymerase Chain Reaction (RT-PCR) 
Reverse Transcription PCR (RT-PCR) was performed in a 25 µL reaction (Table 2.2). The reaction 
was incubated at 95 °C for 5 min before the addition of Taq Polymerase into each tube. The PCR 
thermo cycle program used was as follow; 3 min at 95 °C, 35 cycles of 30 s at 95 °C, 30 s at 60 °C, 
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60–90 s at 72 °C (depending on the expected PCR product size, 1kbp equal to 60 s) and followed by 
final extension step for 5 min at 72 °C. The PCR reactions were then cooled at 4 °C for 10 min. 
 
Table 2.2: RT-PCR components of a standard 25 µL reaction 
 
Reagents Volume (µL) 
Forward Primer 1.5 
Reverse Primer 1.5 
10x PCR Buffer 2.5 
dNTPs 2 
cDNA  1 
Taq Polymerase 0.2 
Sterile Milli-Q 
Water 16.3 
Total 25 
 
2.6.5 Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) 
qRT-PCR was set up in a 10 µL reaction containing 3 µL of first strand cDNA, 5 µL SYBR Green 
(Thermo Fisher Scientific, USA), 0.2 µL forward primer and 0.2 µL reverse primer and water. Two 
technical replicates were performed for each sample. All the qRT-PCR were run on a LightCycler® 
96 Real-Time PCR System. 
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Chapter 3   Isolation and Expression Analysis of PpCOL-1 in Relation to 
Photoperiod in Pongamia 
 
3.1 Introduction 
Pongamia pinnata (Pongamia) is a multipurpose legume tree that has been considered as a 
promising crop for sustainable biodiesel production (Azam et al., 2005; Biswas and Gresshoff, 
2014). This is due to its ability to grow in marginal land and undergo a nitrogen fixation process 
through symbiotic interaction with rhizobacteria, possibly eliminating or reducing the need for 
nitrogen fertilisers. Its seeds contain about 30–45 % of oil that can be converted to biodiesel 
through the transesterification process (Azam et al., 2005; Scott et al., 2008). As flowering is 
responsible for the production and development of oil-rich seeds, it is important to understand its 
mechanisms to capitalise on its potential as an alternative feedstock for biodiesel productions. 
 
In general, the flowering time is regulated to ensure plants flower at the appropriate time, thus 
maximising the reproductive success and consequently crop yield. Typically, Pongamia has been 
observed to flower during early summer, suggesting that its flowering may be induced by long day 
condition. Photoperiod, representing day length, is one of the main environmental factors that 
triggers the transition from the vegetative state to the sexual reproduction state in plants (Garner and 
Allard, 1920). It is predictable and associated with the change of seasons. The control of flowering 
time by photoperiod involves multiple genes with various functions that has been extensively 
studied and reviewed in Arabidopsis thaliana (Arabidopsis) (Putterill et al., 1995; Mouradov et al., 
2002; Bernier and Périlleux, 2005; Imaizumi and Kay, 2006; Jung and Müller, 2009; Amasino and 
Michaels, 2010; Turnbull, 2011; Andres and Coupland, 2012; Samach, 2012). 
 
CONSTANS (CO) gene is one of the floral integrator genes and is considered as the major regulator 
of the photoperiodic regulation of flowering time control. It encodes a transcription factor that 
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activates the expression of FLOWERING LOCUS T (FT), producing a mobile flowering signal 
protein (florigen) which induces flowering (Suarez-Lopez et al., 2001). Arabidopsis plants with co 
mutation have been reported to show late flowering phenotype under long day condition, while 
overexpression of CO promoted early flowering in both short day and long day conditions 
(Koornneef et al., 1991; Onouchi et al., 2000). Transcriptional of CO by light and circadian clock, 
and post-translational regulation of CO is critical for the accumulation of CO mRNA level at the 
end of long day, leading to the activation of FT mRNA (Briggs and Olney, 2001; Laubinger et al., 
2006; Sawa et al., 2007; Jang et al., 2008; Liu et al., 2008; Baudry et al., 2010; Zuo et al., 2011). 
 
CO gene consists of two B-boxes zinc finger domains and a CONSTANS, CONSTANS-LIKE and 
TIMING OF CAB EXPRESSION (CCT) domain, which is the common characteristic of the B-box 
(BBX) proteins family (Gangappa and Botto, 2014). The BBX proteins in Arabidopsis are 
categorised into five groups based on their structure and domain organisations (Crocco and Botto, 
2013; Gangappa and Botto, 2014). The highly conserved B-boxes domain is found in several 
classes of proteins and has been reported to be involved in transcriptional regulation and protein-
protein interactions both within and outside of the protein family (Torok and Etkin, 2001; Datta et 
al., 2007; Qi et al., 2012; Gangappa et al., 2013). The CCT domain present in the C-terminus region 
comprises 42 to 43 amino acids and has an important role in the transport of nuclear protein and 
also transcriptional regulation (Robson et al., 2001; Laubinger et al., 2006; Yan et al., 2011). When 
discussing the transcriptional activation potential of CO, Tiwari and colleagues have described that 
the highly conserved CCT motifs are required for its attraction with the unique DNA motif 
(TGTG(N2-3)ATG) present in the FT promoter (Tiwari et al., 2010). Apart from flowering control, 
BBX proteins are also involved in other significant plant processes such as seedling 
photomorphogenesis, shade avoidance responses, abiotic and biotic stresses responses and networks 
of hormonal signalling (Datta et al., 2006; Datta et al., 2008; Kumagai et al., 2008; Crocco et al., 
2011; Jiang et al., 2012; Gangappa and Botto, 2014). 
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CO-like genes have been isolated and studied in other species. Heading Date 1 (Hd1), a CO-like 
homologue gene in rice, has significant sequence similarity to the Arabidopsis gene and plays a role 
in photoperiod regulation of flowering through the FT homologue Heading Date 3 (Hd3) gene 
activation (Yano et al., 2000; Kojima et al., 2002). A study in sugar beet (Beta vulgaris) has found 
that the CO homologue gene BvCOL1 plays a part in photoperiodic response, as overexpression of 
this gene in the Arabidopsis co-2 mutant restored the late flowering phenotype (Chia et al., 2008).  
 
In the woody perennial poplar, 18 CO-like genes have been found. CO1 and CO2 are closely 
related to Arabidopsis CO, COL1 and COL2 (Yuceer et al., 2002). Expression studies of these 
genes have showed that they are expressed most abundantly in leaves during the growing season. 
The expressions of these genes, however, are not affected by environmental factors such as day 
length, light intensity, low temperature and water stress. Furthermore, overexpression of these 
genes in poplar did not induce early or late flowering behaviour. Instead, they are smaller in size 
compared to the wild type, which might suggest that these genes are involved in metabolic 
processes. These evidences suggest that CO1 and CO2 in poplar do not play similar roles as CO in 
Arabidopsis (Hsu et al., 2012).  
 
CO-like genes have also been studied in other woody perennial trees, including Malus domestica 
(apple) and Vitis vinifera (grapevine buds). Expression studies of the CO-like genes MdCOL1 and 
MdCOL2 in apples have showed that these genes have different expression patterns than their 
respective orthologues CO in Arabidopsis. Their expression levels also did not show any patterns 
related to seasonal changes, compared to other flowering genes in apples, including MdFT, 
MdSOC1, MdMADS2, AFL1, AFL2, and MdTFL1 (Jeong et al., 1999; Hättasch et al., 2008), 
suggesting that MdCOL1 and MdCOL2 might have different roles compared to CO in Arabidopsis. 
Two CO-like genes (VvCO and VvCOL1), have been isolated and characterised in grapevine buds, 
and classified similar as group I of CO family in Arabidopsis. Protein sequence comparison of 
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VvCO and VvCOL1 showed significant similarities with COL proteins from other woody plants 
such as poplar and apple (Almada et al., 2009). These genes showed different expression 
characteristics than CO in Arabidopsis, as their transcription levels peak at dawn instead of dusk, 
and exhibited higher levels of transcripts under SD than LD conditions. However, their functions in 
regulating flowering in grapevine buds are still not clear (Almada et al., 2009). 
 
 In legumes such as Pisum sativum (pea), Glycine max (Soybean) and Medicago truncatula 
(Medicago), studies on flowering gene orthologues have discovered several genes with a conserved 
role in the regulation of flowering time in response to photoperiod. However, the function of these 
CO homologues in photoperiod response is still not clear (Hecht et al., 2005; Hecht et al., 2007; 
Jiang et al., 2011; Liu et al., 2011; Watanabe et al., 2011; Weller et al., 2012; Wong et al., 2014).  
 
Although several studies have been conducted on the physiological properties of flowering in 
Pongamia (Scott et al., 2008; Kukade and Tidke, 2013), little information is available regarding 
genes that might be involved in its flowering time regulation. A recent study has reported the 
isolation and expression analysis of circadian clock genes in Pongamia (Winarto et al., 2015), but 
the molecular understanding of floral integrator genes such as CO is still unknown. This chapter 
reports the isolation of a CONSTANS-LIKE (PpCOL-1) gene in Pongamia and analysis of its 
structure. Glycine max (Soybean), which is closely related to Pongamia, was used as a reference 
plant together with Pongamia genomic and transcriptomic short-paired reads library (Huang et al., 
2012a; Kazakoff et al., 2012). Further comparison with orthologue genes from Arabidopsis and 
other legumes, Soybean, and Medicago truncatula (Medicago) revealed that the protein motifs 
within the gene were highly conserved. The expression pattern analysis of PpCOL-1 in juvenile 
Pongamia under both long day and short day conditions was also investigated. 
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3.2 Materials and Methods 
3.2.1 Plant Materials 
Pongamia leaf samples for DNA and RNA extraction were collected from UQ1 tree and plants 
germinated from seeds of Pongamia trees at the UQ Gatton trial site respectively, as described in 
Section 2.3. DNA was extracted from samples according to the protocol described in Section 2.5.1, 
while RNA extraction and cDNA synthesis for expression study were described in Sections 2.6.1 
and 2.6.2.  
 
3.2.2 Bioinformatics 
Short paired reads libraries of Pongamia genomic (Kazakoff et al., 2012) and transcriptome (Huang 
et al., 2012a) were mapped to the reference genes, which are CO-like genes isolated from Soybean 
(GmCOL9, GmCOL10 and GmCOL11) (Huang et al., 2011; Jiang et al., 2011; Liu et al., 2011), 
using Geneious Pro Version 6 software (http://www.geneious.com, (Kearse et al., 2012)) as 
described in Section 2.2. The first batch of primers designed was intended for full-length gene 
isolation, listed in Appendix 3. Based on the consensus sequence generated, primers were designed 
on the 5’ and 3’ UTR region with a high number of short reads mapped to it. The second batch of 
primers was designed from the consensus sequence generated by the second mapping process to the 
concatenated reference genes as described in Section 2.2 and listed in Table 3.1. These primers 
were designed using Primer3 (Koressaar and Remm, 2007; Untergasser et al., 2012) software as 
described in Section 2.5.2, focusing on the region of the consensus sequence with a high number of 
reads mapped to it located within the predicted exons, based on the alignment to the reference gene. 
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Table 3.1: List of the second batch of primers designed from second mapping process used to isolate the CONSTANS-LIKE gene in Pongamia  
 
IDa Primers Name Direction Sequence (5' to 3') Length (bp) Melting Temperature (°C) 
P1 COGm19g05170F1 Forward CTGCGGTGTTTCTATGCAA 19 62.5 
P2 COGm19g05170R1 Reverse GGAAGGGGAGGAAATAGGTC 20 62.5 
P3 COGm19g05170R2 Reverse CCTTCCTAGAGGCATACCTGA 21 62.1 
P6 COGm19g05170F2 Forward GGTTCTCTCAGTCAAAGCGT 20 61.1 
P7 COGm19g05170R3 Reverse ACGCTTTGACTGAGAGAACC 20 61.1 
P8* COGm13g01290F2 Forward CATTAGCCGCGTTTTTCA 18 62.4 
P9* COGm13g01290R2 Reverse TCCACATCCGAGTCAATTTC 20 62.5 
P10* COGm13g01290F1 Forward GATGTGTGAGGTGTGTGAGC 20 62.0 
P15* COGm13g01290R1 Reverse AAGAGAGCTTCGATCTGCAAA 21 63.1 
P28 COGm13g01290F3 Forward AACATTCAACCTTCCACTCC 20 60.4 
P29* COGm13g01290R3 Reverse ATCGTCAGGTCCATAACACG 20 62.4 
P30 COGm13g01290R4 Reverse AATAATCAACGGTTCCCACA 20 61.6 
P31 COGm13g01290R5 Reverse GAGATTCATGCACCCTTCC 19 62.1 
        a (*) denotes primers used with successful amplification.  
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3.2.3 Gene Isolation and Sequencing 
Several primer pairs combinations from the first batch of primers were used in Polymerase Chain 
Reaction (PCR) as described in Section 2.5.3 to isolate full-length genomic sequence of a CO-like gene 
in Pongamia. However, the amplification of any gene fragments that corresponded to the expected PCR 
product was unsuccessful. Subsequent amplifications were performed using primers designed from the 
second mapping process (P1–P7, P10 and P15) (Table 3.1). A product of about 500 bp length was 
obtained, purified and sequenced according to the description in Sections 2.5.7 and 2.5.8, and used in 
Geneious Pro as a reference sequence for another mapping with Pongamia short paired reads databases. 
Additional sets of primers (P8–P9 and P28–P31) were designed at the 5’ and 3’ region of the 
previously obtained gene fragment in order to obtain the full sequence of the gene (Figure 3.1). All 
PCR amplification products were analysed by agarose gel electrophoresis as described in Sections 2.5.5 
and 2.5.6. Samples were then purified and sent to the Australian Genome Research Facility (AGRF) for 
sequencing, as described in Sections 2.5.7 and 2.5.8.   
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Figure 3.1: Primer pairs used in each successful PCR amplifications to obtain full sequence of PpCOL-1 
gene 
 
3.2.4 Expression Analysis 
Different photoperiod treatments (long day and short day) for Pongamia juvenile plants in the gene 
expression study were described in Section 2.3. Leaf samples were collected in replicates for each time 
point from Pongamia seedlings, irrespective of the photoperiod treatments. RNA was extracted from 
these samples with the protocol mentioned in Section 2.6.1 and further synthesised into cDNA as 
explained in Section 2.6.2. 
 
Primers for the expression analysis of PpCOL-1 listed in Table 3.2 were designed from exon regions of 
PpCOL-1 using the Primer3 software as described in Section 2.6.3, with the expected amplification 
product size of around 100–150 bp. One of the primers (Q4 - RTPCR-COlike13gR2) was designed to 
span the exon-exon junction predicted in the PpCOL-1 gene. Pongamia ATP Synthase and Cons7 gene 
were selected as the reference genes (Libault et al., 2008; Winarto et al., 2015) and primers designed 
from each gene were listed in Table 3.3. Reverse Transcription-Polymerase Chain Reaction (RT-PCR) 
were performed using Taq DNA polymerase (Invitrogen Life Technologies, USA) according to Section 
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2.6.4 using a C1000 thermal cycler (Bio-Rad, Australia) for a qualitative study of PpCOL-1 expression 
and to analyse the effectiveness of primers selected for the quantitative expression study. All PCR 
amplification products were analysed by gel electrophoresis as described in Section 2.5.6.  
 
Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) was performed as described in Section 
2.6.5 to analyse the quantitative expression profile of PpCOL-1. The LightCycler® 96 System thermal 
cycler were programmed as follows; preincubation at 95 °C for 5 min, 40 cycles of 95 °C for 20 s, 60 °C 
for 20 s, 72 °C for 20 s followed by final melting step of 95 °C for 10 s, 65 °C for 1 min and 97 °C for 1 
s. The experimental data was analysed by the LightCycler® 96 Software Version 1.1.0.1320. The 
quantification cycle (Cq), which represents the number of cycles at which the amplification curve 
reaches its threshold, was used for analysis of the qRT-PCR results. The ratio of expression level 
between PpCOL-1 and Cons7 as reference genes were calculated using the equation below:  
Ratio (reference/target) =2 Cq (ref) – Cq (target) 
 
The average ratios from each biological replicate were then used to plot the graph representing 
expression levels of PpCOL-1 at different time points relative to the expression of Cons7 under the 
long day and short day conditions. 
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Table 3.2: List of primers designed for expression study (RT-PCR and qRT-PCR) of PpCOL-1 gene.  
IDa Primers Name Direction Sequence (5' to 3') Length (bp) Melting Temperature (°C) 
Q1 RTPCR-COlike13gF1 Forward GTGTGGATGTGTGAGGTGT 19 59.4 
Q2 RTPCR-COlike13gR1 Reverse CGGAGTGGATGTCAGAGT 18 58.7 
Q3* RTPCR-COlike13gF2 Forward TGAGAAGACTATTCGATACGC 21 58.6 
Q4* RTPCR-COlike13gR2 Reverse CTATAGAGCCGGTCCACAT 19 59.2 
             a(*) denotes primers used for qRT-PCR. 
 
Table 3.3: List of primers from housekeeping genes designed for expression study (RT-PCR and qRT-PCR) of PpCOL-1 gene.  
IDa Primers Name Direction Sequence (5' to 3') Length (bp) Melting Temperature (°C) 
H3 H3GmATPSynthaseF2 Forward AAGGTTCTTAAGCCAGCCTTT 21 62 
H4 H4GmATPSynthaseR2 Reverse ATACACCCTGGAAGCTGTTGA 21 63.4 
H5 H5GmATPSynthaseR3 Reverse ACACACCCTGGAAGCTGTTGA 21 67 
H6* H6GmCons7F1 Forward ATGAATGACGGTTCCCATGTA 21 63.9 
H7* H7GmCons7R1 Reverse GGCATTAAGGCAGCTCACTCT 21 64.6 
             a(*) denotes primers used for qRT-PCR. 
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3.3 Results 
3.3.1 Mapping of Reference Genes to Pongamia Databases and Gene Isolation 
Individual mapping of the soybean genomic sequences of the reference genes (GmCOL9, GmCOL10 
and GmCOL11) to the Pongamia short read transcriptome and genomic libraries resulted in a 
combination of 14,192 assembled reads between them, forming contigs for each mapping. However, 
amplifications through PCR using primers designed from this contigs were unsuccessful. These 
reference genes were later concatenated, and used as a single reference for the iterative fine tuning 
process, focusing on highly conserved region within the gene. The mapping with the concatenated 
sequences produced 4,663 assembled reads forming contigs (Appendices 1 and 2). The number of 
assembled reads decreased from the first mapping strategy, as reads which were not specific to the 
genes were eliminated through the mapping of the concatenated sequences. These contigs from the 
concatenated mapping were more reliable in designing primers for gene isolation.  
 
Several numbers of primers were designed and used to isolate CO-like genes. However, only primers 
designed from Gm13g01290 produced a PCR product. The combination of primers pair P10 
(COGm13g01290F1) and P15 (COGm13g01290R1) successfully amplified gene fragment that 
corresponded to the expected product size of approximately 500 bp (Figure 3.2B). PCR from the next 
batch of primers focusing on the upstream 5' region and downstream 3' region of the first PCR product 
resulted in products of approximately 750 bp and 950 bp, respectively (Figure 3.2C and D), enabling 
the extension of the previous gene fragment. Sequences of all these PCR amplification products were 
listed in Figure 3.3. These three sequences were then aligned, forming the complete genomic sequence 
of the gene, in which overlapped sequence showed 100% homology. The full genomic sequence of the 
gene is 1,216 bp (1,366 bp including 3’ UTR) as listed in Figure 3.4. Basic Local Alignment Search 
Tool (BLAST) analysis of the sequence showed a high percentage of similarities (79%) and identities 
(83%) with GmCOL5 from Soybean (Figure 3.5). 
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Figure 3.2: Amplified PCR products of PpCOL-1 primers which made a whole sequence of the gene (a) 
Bioline Hyperladder 1 (Bioline, Australia). (b) PCR product from the first pair of primer (P10 and P15). 
(c and d) PCR products from subsequent sets of primer (about 750 bp and 1250 bp respectively). 
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Figure 3.3: DNA sequence of amplified PCR products from (a) P10 and P15 primers (b) P8 and P15 primers and (c) P10 and P29 primers. 
 
 
 61 
 
Figure 3.4: A full genomic sequence of PpCOL-1 containing 1,366 bp of nucleotides. 
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Figure 3.5: Blast result of PpCOL-1 (query) with GmCOL10 (subject). 
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3.3.2 Sequence Analysis of the PpCOL-1  
Exon and intron regions of the PpCOL-1 gene were predicted by alignment of the genomic 
sequence with the sequence of Soybean GmCOL10 in Geneious Pro version 6 (Figure 3.6). Since 
the locations and sequences of the exons and introns in GmCOL10 have been annotated, this 
information was used to predict the location of exons and introns in PpCOL-1. Alignment of these 
genes resulted in high percentage of identity (83%) between them. Two regions in PpCOL-1 that 
are aligned with the sequences of exons in GmCOL10 have been suggested to be the exons of this 
gene  (first exon 1–740; first intron 741–835; second exon 836–1,121) as illustrated in Figure 3.7. It 
contained an open reading frame of 1,121 bp, encoding a protein of 372 amino acids (Figure 3.8). A 
primer pair (RTPCR-COlike13gF2 and RTPCR-COlike13gR2) that spans the exon-exon junctions 
was used for further analysis with RT-PCR to confirm the exon-intron junctions predicted. 
 
 
Figure 3.6: Exon and intron predictions of PpCOL-1 based on alignment with GmCOL10. Genomic 
sequence of CO-like gene in Pongamia (PpCOL-1, labelled as PpCOL-1 DNA Sequence) was aligned with 
its orthologue gene in Soybean (GmCOL10) as reference gene, indicating identity between these two 
sequences. Highlighted in blue and red are the locations of exons 1 and 2 in GmCOL10 respectively, used to 
predict the location of its corresponding exons and introns in PpCOL-1. 
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Figure 3.7: Exon-intron organisation of the PpCOL-1 with the location of intron and exons. Highlighted in 
blue and red are exon 1 and exon 2 in GmCOL10 respectively 
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Figure 3.8: Peptide sequence of the PpCOL-1 with location both exons highlighted in blue and red boxes. 
 
3.3.3 Protein Motifs and Sequence alignment with other orthologue genes 
Conserved protein domains within PpCOL-1 was identified using the NCBI’s Conserved Domain 
Database (CDD) (Marchler-Bauer et al., 2015), available online at 
(https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). Two B-Boxes type zinc finger domains 
and a CCT motif domain were identified, as illustrated in Figure 3.9.  
 
Translated amino acid sequence of PpCOL-1 was aligned with amino acid sequences of Soybean 
GmCOL10 (Gm13g01290), Arabidopsis AtCOL5 (AT5G57660) and Medicago MtCO 
(Medtr4g128930) obtained from Phytozome v 9.1 (Goodstein et al., 2012) database, using clustalW 
(Larkin et al., 2007). The alignment showed conserved amino acid residues in several regions. Two 
highly conserved regions were found in all COL proteins, corresponding to the location of the B-
box zinc finger protein domain and the CCT motif, which is the characteristic for the CO-like 
family (Figure 3.10). 
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Figure 3.9: Predicted protein domain within the peptide sequence of the PpCOL-1. 
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Figure 3.10: Alignment of amino acid sequences of PpCOL-1 with other homologues GmCOL10, AtCOL5 
and MtCO. Identical amino acids are highlighted in red. Highly conserved regions (B-box zinc finger protein 
domains (blue box) and CCT motif (green box)) were also indicated. 
 
3.3.4 Expression analysis of PpCOL-1 gene upon treatment of photoperiod 
PpCOL-1 RNA expression was observed in leaves of both long day and short day plants at all 
selected time points (Figure 3.11). This result also confirms the prediction of the exon-intron 
junction in PpCOL-1 gene as the expression of PpCOL-1 was detected from successful 
amplification of RTPCR-COlike13gR2 primer that spanned the exon-exon junction. The expression 
profile of PpCOL-1 in response to a different condition of day length was analysed through the 
qRT-PCR results. Under the long day condition, expression of PpCOL-1 increased to its peak at 
around 4 h after dawn but decreased continuously until the end of the 24 h period. Under the short 
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day condition, expression of PpCOL-1 also peaked at around 4 h after dawn, decreased 
continuously to its lowest at 12 h after dawn before the expression level slightly increased again 
towards the end of the 24 h period (Figure 3.12).  
 
 
Figure 3.11: RT-PCR of PpCOL-1 gene in Pongamia leaves in (A) long day and (B) short day plants. Each 
time point represents hours after exposure to light after dawn. 
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Figure 3.12: Relative expression of PpCOL-1 to cons7 in long day (16 h light/ 8 h dark) and short day (8 h 
light/16 h dark) conditions. Each time point represents hours after exposure to light after dawn 
 
3.4 Discussion 
3.4.1 Isolation and characterisation of PpCOL-1 
Despite raising interest as an alternative feedstock for biofuel production, Pongamia is still an 
undomesticated plant species. Many aspects of the plant are still yet to be understood including 
flowering, an important reproduction stage responsible for the production of oil-rich seeds. An 
initial step to increase the understanding of the flowering time control in Pongamia is the 
identification and characterisation of genes that might be involved in its regulation. One of the most 
common approaches is applying the knowledge of flowering time regulation available from more 
extensively studied plants, such as Arabidopsis and Soybean. However, this transfer of knowledge 
is still a challenge due to the limited genome information in Pongamia compared to Arabidopsis and 
Soybean. In this study, all the information from flowering genes studied in Arabidopsis and 
Soybean, a legume species closely related to Pongamia, was utilised together with the 
transcriptomic and genomic short paired reads generated from Pongamia (Huang et al., 2012a; 
Kazakoff et al., 2012).  
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The Pongamia primers used for gene isolation in this study were designed from short paired reads 
and the consensus sequence generated from bioinformatics approach in order to compensate for 
limited genomic information in Pongamia. There were two approaches used in mapping soybean 
reference genes to Pongamia databases. The first mapping approach involved mapping of each 
individual Soybean reference gene to Pongamia databases, while the second mapping approach 
involved concatenating all sequences of genes belonging to the same family, and mapping them 
together at the same time. The second mapping approach produced less number of short paired 
reads forming contigs, compared to the first mapping approach. Although less number of reads 
were obtained in the second approach of mapping, it is considered more successful as it eliminated 
reads which were not specific to the genes, which could eventually cause problems for gene 
isolation. This is proven when PCR primers designed from the second mapping approach were 
more successful in amplifying the CO-like gene in Pongamia. Elimination of non-specific reads in 
the second approach of mapping led to an improvement of the results. This also suggests that a CO-
like gene is represented in Pongamia genomic and transcriptome databases.  
 
A new strategy in designing Pongamia primers from the results of the mapping process was also 
implemented to increase the success rate of PCR amplification. Previously, from the results of the 
first approach of mapping process of each individual reference gene, primers were designed 
focusing on the 5’ and 3’ UTR regions of the gene of interest in an attempt to obtain full sequence 
of the gene. This method however, failed to amplify any Pongamia genes of interest. Hence, in 
order to improve the results of amplification using the results of the second approach of mapping, 
primers were then designed within the coding regions of the gene. These primers were designed 
from the alignment of the consensus sequence generated from the mapping process with the 
sequence of the flowering reference genes, focusing on the highly conserved region, which was 
predicted to be the coding region. The PCR product amplified is a PpCOL-1 gene fragment 
containing some of the gene coding sequences. The PpCOL-1 gene fragment was then used as a 
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reference template in another mapping process with Pongamia short paired read databases, 
generating more reliable short paired reads and consensus sequence.  The results of this mapping 
were used to design primers in the 5’ and 3’ UTR regions of the PpCOL-1 fragment to amplify the 
whole sequence of the gene, using the first strategy of designing primers. These new primers were 
designed with some part of the expected PCR product overlapping with each other and later 
assembled into a long sequence of PpCOL-1.  
 
BBX proteins family is a subgroup of zinc-finger transcription factors with an important role in 
growth and development in plants (Khanna et al., 2009). The members of this large family were 
classified into five structural groups. Members of group I and II have two B-boxes and a CCT 
domain, while group III members contain only a single B-box domain and a CCT domain. Group 
IV consist of members with two B-boxes domain without the CCT domain and group V members 
only carry a single B-box domain (Crocco and Botto, 2013; Gangappa and Botto, 2014). Analysis 
of the translated amino acids sequence of PpCOL-1 has identified two B-boxes domain at the N-
terminal and a CCT motif at the C-terminal, suggesting that PpCOL-1 falls into either group I or II 
of the BBX proteins family. 
 
3.4.2 Conservation of PpCOL-1 with its orthologue genes  
CO was selected as the gene of interest in this study as it plays a central role in photoperiodic 
regulation of flowering in Arabidopsis and has been extensively studied in other species, including 
rice, sugar beet and Soybean (Putterill et al., 1995; Yano et al., 2000; Suarez-Lopez et al., 2001; 
Kojima et al., 2002; Hecht et al., 2005; Chia et al., 2008; Huang et al., 2011; Jiang et al., 2011; Liu 
et al., 2011; Hsu et al., 2012). In Arabidopsis, CO acts as a transcription factor that binds DNA via a 
unique sequence motif present in the FT promoter, activating its expression. The conserved CCT 
domain in CO is required for its binding to the unique DNA motif present in the FT promoter, while 
the B-box zinc finger domain plays a role in protein-protein interaction and transcription regulation 
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(Datta et al., 2007; Datta et al., 2008; Tiwari et al., 2010; Qi et al., 2012; Gangappa et al., 2013). 
Amino acid sequence alignment of PpCOL-1 with CO homologues in Arabidopsis, Soybean and 
Medicago showed two highly conserved regions corresponding to the location of the B-boxes zinc 
finger domains and the CCT domain. This finding is in agreement with other reports of conserved 
BBX proteins domain in rice and other plant species including green algae, dicots and woody 
perennial tree (Huang et al., 2012b; Crocco and Botto, 2013; Yuceer et al., 2002). Moreover, it also 
demonstrates that the B-box domain and the CCT motif are highly conserved and crucial for their 
roles.  
 
3.4.3 Expression profile of PpCOL-1 under different photoperiod conditions 
Utilisation of primer spanning the exon-exon junction is an ideal strategy to reduce the possibility 
of false positives in gene expression study. Usage of such primer will ensure the contaminating 
genomic DNA would not be amplified as annealing of the primer to the genomic DNA template 
would not be possible compared to the cDNA, which does not have any intron. Furthermore, shorter 
extension time used during the expression study is not sufficient for long genomic sequence 
amplification, but sufficient enough for the short cDNA target sequence. Successful amplification 
of PCR products of the expected size from primers RTPCR-COlike13gF2 and RTPCR-
COlike13gR2 that spanned the exon-exon junction was also able to confirm the predicted exon and 
intron junctions within the PpCOL-1. 
 
In Arabidopsis, CO expression rhythm is diurnally regulated, where the expression level of CO 
increases to its highest at the end of long day (12–16 h after dawn). This accumulation of CO 
mRNA is essential to its function in activating FT expression (Imaizumi et al., 2003; Sawa et al., 
2007). Under SD condition, the expression of CO stays low during the day due to the action of CO 
transcriptional repressor, CYCLING DOF FACTOR (CDF) (Fornara et al., 2009). The GIGANTEA 
(GI)-FLAVIN KELCH F BOX 1 (FKF1) protein complex that degrades CDF is only active around 
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10 h after dawn in the dark, where high expression of CO protein is translationally degraded by the 
light sensitive CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1)–SUPPRESSOR OF 
PHYTOCHROME A (SPA1) (Sawa et al., 2007). COP1-SPA1 is inhibited by light under long day 
condition. The expression of PpCOL-1 however, is not parallel with such diurnal rhythm. Instead, 
PpCOL-1 showed a morning phase expression rhythm, which is similar to the CO-like in other 
species under the LD condition; COL1 and COL2 in Arabidopsis (Ledger et al., 2001), PsCOLa in 
pea (Hecht et al., 2007), and also several other COLs in Medicago (Wong et al., 2014). Their 
expression levels peak during the morning, then decline during the afternoon. No significant 
differences were also observed in the expression level of PpCOl-1 in the long day and short day 
conditions, suggesting that the transcriptional regulation function of PpCOL-1 may not be important 
in photoperiod response in Pongamia. This finding is similar with CO-like genes in another woody 
perennial tree, Poplar, where they have been suggested to have a different role than CO in 
Arabidopsis. Its CO1 and CO2 expressions were not affected by day length, and their 
overexpression did not have any effect on the flowering behaviour of the plant (Hsu et al., 2012).  
 
A common characteristic of woody trees such as Pongamia is they will only flower after several 
years of vegetative growth, postponing flowering during their juvenile years. Hence, another factor 
that needs to be considered is the probability that the expression level of PpCOL-1 in these juvenile 
plant samples might be different than its expression in mature Pongamia plants, also known as 
epigenetic variation. In 2004, Brunner and Nillson suggested that chromatin mediated control of 
gene expression might contribute to the repression of flowering genes and maintain juvenile phase 
in trees (Brunner and Nilsson, 2004). The role of chromatin based protein such as the products of 
TERMINAL FLOWER 1/2 (TFL1/2) and EARLY BOLTING IN SHORT DAYS (EBS) in repressing 
and counteracting key flowering genes such as CO and FT in Arabidopsis have been hypothesised 
to have a more distinct effect in trees (Pineiro et al., 2003; Takada and Goto, 2003), although such 
mechanism is still unknown. An example of this epigenetic variation can be seen in Arabis (Wang 
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et al., 2011). TFL1 is responsible in preventing young plants from flowering during exposure to 
vernalisation. It acts by suppressing the expression of LFY, a floral meristem identity gene, in 
young plants but not in mature plants. Another example is in the woody perennial tree poplar, 
where a report has shown that the abundance levels of FT1 and FT2 in poplar were found to 
gradually increase as the trees approach maturity (Hsu et al., 2011). This indicated that the 
maturation process in trees happen gradually, and as they become more mature, their sensitivity 
towards environment stimulus will also increase. 
 
Although it is still unknown, there is a possibility that the epigenetic variation between juvenile and 
mature plants also exists in Pongamia, and might contribute to the expression of PpCOL-1 shown in 
this study. Further studies and analysis especially with samples from mature trees are required to 
determine if PpCOL-1 plays the same role as CO in regulating the photoperiod flowering time 
control in Pongamia. This is described in Chapter 6.  
 
3.5 Conclusions 
In summary, PpCOL-1 was successfully isolated from Pongamia and shown to be highly conserved 
with a CO-like gene in Arabidopsis, Soybean and Medicago, which is a characteristic of the BBX 
proteins family. However, the expression pattern of PpCOL-1 was not diurnally regulated like CO 
in arabidopsis but exhibits a morning phase regulation similar to the expression of other CO-like 
genes. The results of this study could be helpful in understanding the role of PpCOL-1 in the 
flowering time control of Pongamia. 
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Chapter 4   Isolation and Expression Analysis of PpPHYB in Relation to 
Photoperiod in Pongamia 
 
4.1 Introduction 
Light is an important environmental factor that is involved in many plant developmental processes, 
from the source of energy for photosynthesis to influencing growth strategy of a plant, to name a 
few. The ability of plants to sense light and measure its quantity, quality, direction and periodicity 
has enabled them to adapt to the changes in their surrounding environment (Franklin et al., 2005; 
Endo et al., 2013). In terms of flowering, a light signal is a critical cue in of one of the pathways 
that regulate the flowering time. This pathway, referred as photoperiod, promotes flowering when 
plants are exposed to their favourable day length condition (long day (LD) and short day (SD)) 
(Garner and Allard, 1920). 
 
Light perception and signal transduction by photoreceptors are amongst the components that are 
involved in the photoperiodic control of flowering, apart from circadian clock regulation and 
interaction of responsible genes for the development of flowering phase (Thomas and Vince-Prue, 
1997; Lin, 2000). Photoreceptors are light sensitive proteins consisting of chromophores that are 
able to change the conformation of the protein upon absorption of light to initiate photoreceptor 
signalling (van der Horst and Hellingwerf, 2004; Andres and Coupland, 2012). It comprises several 
protein domains covalently linked to each other. These protein domains have diverse individual 
roles that are essential for the function of the photoreceptors, such as binding to the chromophore, 
promoting association with other protein, displaying light-dependent catalytic activity and DNA 
binding (Moglich et al., 2010). Besides flowering, photoreceptors are also involved in the regulation 
of various plants response including shade avoidance, seed germination, phototropism and leaf 
formation (Shinomura et al., 1996; Schmitt, 1997; Kinoshita et al., 2001; Sakai et al., 2001; Briggs 
and Christie, 2002; Hennig et al., 2002; Sakamoto and Briggs, 2002). 
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Phytochromes are one of the known six classes of the photoreceptors that are classified based on the 
photochemistry and chemical nature of the chromophore. The other classes of photoreceptors are 
crytochromes, rhodopsins, xantophins, blue-light sensors using flavin adenine dinucleotide (BLUF), 
and light-oxygen-voltage (LOV) sensors (van der Horst and Hellingwerf, 2004; Moglich et al., 
2010). Phytochromes are red and far-red light photoreceptor proteins that are covalently bonded to 
photochromobilin chromophore. They absorb light between 650 nm and 740 nm, corresponding to 
the red and far-red light regions, respectively (Smith, 2000). In response to this, the photon 
absorbed by phytochrome changes the spectroscopic state from the red-absorbing form (Pr) to the 
physiologically active far red-absorbing form (Pfr). Absorption of another photon will reverse this 
photoconversion again back to the original form (Hughes and Lamparter, 1999). 
 
The phytochrome family in Arabidopsis thaliana (Arabidopsis) consists of five members 
(PHYTOCHROME A (PHYA), PHYTOCHROME B (PHYB), PHYTOCHROME C (PHYC), 
PHYTOCHROME D (PHYD), and PHYTOCHROME E (PHYE)) (Clack et al., 1994). This number, 
however, might not be the same across other plant species, as rice only has three members of the 
phytochrome family (PHYA, PHYB and PHYC) (Takano et al., 2005). When discussing the roles of 
the phytochromes, Whitelam and Devlin have reported redundancies between the actions of these 
phytochromes in a number of responses such as hypocotyl elongation, cotyledon expansion and 
biomass production (Reed et al., 1994; Devlin et al., 1996; Whitelam and Devlin, 1997). 
Furthermore, antagonistic but complementary interactions between them were also reported in the 
early stages of seedling establishment (Smith et al., 1997). 
 
In explaining their role in photoperiod flowering time control, mutations in most of the PHY genes 
have been reported to cause a reduction in sensitivity to photoperiod (Lin, 2000), thus altering the 
flowering behaviour of the Arabidopsis plants. phyA mutants exhibit a late flowering phenotype in 
LD plants, but not in SD plants (Johnson et al., 1994; Reed et al., 1994) which proves its role in 
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promoting floral initiation by upregulating CONSTANS (CO) mRNA transcription (Guo et al., 
1998; Yanovsky and Kay, 2002). However, mutations in PHYB, PHYD and PHYE caused the plants 
to flower earlier compared to the wild-type (WT) plants under both SD and LD (Goto et al., 1991; 
Aukerman et al., 1997; Devlin et al., 1998; Devlin et al., 1999), suggesting their suppressor role in 
floral initiation process (Cerdan and Chory, 2003; Halliday et al., 2003). 
 
PHYB was selected as the gene of interest in this study as it is involved in the regulation of 
flowering time by promoting the degradation of the floral promoter CO protein early in the 
morning, in both LD and SD conditions. This ensures that CO protein will only accumulate at the 
end of the day (Onouchi et al., 2000; Valverde et al., 2004). The mechanism of this degradation is 
poorly understood, although several genes including HIGH EXPRESSION OF OSMOTICALLY 
RESPONSIVE GENES1 (HOS1) (Lazaro et al., 2012) and PHYTOCHROME DEPENDENT LATE 
FLOWERING (PHL) (Endo et al., 2013), have been proposed to be involved in this PHYB-
dependent degradation of CO protein. Pongamia has a diverse flowering time, which ranges from 
October to January in Australia. Study on the genetic regulation leading to this variation will be of 
value to Pongamia, and possibly will be very useful as a molecular tool application in desired trait 
selections. As mutation in PHYB has been reported to have an effect on the flowering time and 
promote early flowering in Arabidopsis, understanding the role of PHYB in regulating flowering 
time in Pongamia can provide valuable insight as it might be one of the factors that contributed to 
the variation of flowering time in Pongamia.  
 
Information of PHYB is also available in other plant species including rice (Takano et al., 2005) and 
tobacco (Kern et al., 1993), both of which have high sequence similarity with PHYB sequence in 
Arabidopsis. Functional analysis of rice PHYB has also suggested high functional similarity among 
flowering plants. PHYB has been isolated and characterised in legume plants, such as pea (Weller et 
al., 2001) and Soybean (Wu et al., 2011). Again, these PHYB genes have been reported to be highly 
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conserved in sequence level and their functional properties. However, very limited information of 
PHYB is currently available in biofuel potential plant, Pongamia pinnata (Pongamia). 
 
In this chapter, the photoreceptor PHYB gene in Pongamia was isolated and further investigated 
through protein motifs identification and also comparisons with its orthologue genes in other 
species. The expression pattern of Pongamia PHYB (PpPHYB) in relation to different photoperiodic 
treatments in Pongamia was also studied and compared with PHYB expression in similar condition 
reported in Arabidopsis. The outcome of this study will give an initial insight into the role of the 
PpPHYB to photoperiod response in Pongamia.  
 
4.2 Materials and Methods 
4.2.1 Plant Materials 
Pongamia leaf samples were collected from the UQ1 tree for DNA extraction in accordance with 
the protocol described in Sections 2.3 and 2.5.1. Pongamia leaf samples from plants germinated 
from seeds of Pongamia trees at the UQ Gatton trial site were collected for RNA extraction (Section 
2.3). The procedures of RNA extraction and cDNA synthesis for expression study were described in 
Sections 2.6.1 and 2.6.2.  
 
4.2.2 Bioinformatics 
As described in Section 2.2, Geneious Pro Version 6 software (http://www.geneious.com, (Kearse 
et al., 2012)) was used to map short paired sequence reads libraries of Pongamia genomic (Kazakoff 
et al., 2012) and transcriptome (Huang et al., 2012) to the PHY reference genes isolated from 
Soybean (Gm09g03990, Gm10g28170 and Gm20g22160) which were published in (Jung et al., 
2012; Kim et al., 2012). Consensus sequences were generated from aligned Pongamia short paired 
reads during the mapping process and used to design primers in this study. Primer3 (Koressaar and 
Remm, 2007; Untergasser et al., 2012) software was used as described in Section 2.5.2. Due to the 
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large size of the PHYB genes (4,699 bp in Arabidopsis and 6,854 bp in Soybean), amplification and 
isolation of PHYB genes in Pongamia was focused on the coding sequences (cds) of the gene. 
Through the alignment of the consensus sequence with the PHYB reference gene, four exon regions 
were identified within the Pongamia consensus sequence based on the known location of exon-
intron junctions in the Soybean reference gene. Regions within each of these predicted exon 
sequences that have a high number of reads mapped to it became the focus for primers design. 
These primers were listed along with its exons of interest in Table 4.1. 
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Table 4.1: List of primers designed from mapping process used in PCR to isolate the PHY gene in Pongamia. 
 
IDa Primers Name Direction Sequence (5' to 3') Length (bp) Melting Temperature (oC) Target Exon 
P11* PHYGm09g03990F1 Forward TCCTCAGGCTTCTAGGTTTT 20 59.5 1 
P12* PHYGm09g03990R1 Reverse CACAAGATCATGAACCAAGG 20 60.6 1 
P13* PHYGm09g03990F2 Forward GAGTGTGCTTTGTTGGTCAG 20 61.0 2 
P14 PHYGm09g03990R2 Reverse GCCACTCAAAGGGTTCTTTA 20 60.7 2 
P16* PHYGm09g03990F3 Forward AGGCTTAGGACTGAGCATGA 20 61.6 4 
P17* PHYGm09g03990R3 Reverse GCAAACCTTGTCGGAGAATA 20 61.6 3 and 4 
P32* PHYGm09g03990F4 Forward AAATGCAGTTGTTAGCCAAG 20 59.4 3 and 4 
P33 PHYGm09g03990R4 Reverse CAGCATGGAGAAGAGTGAGC 20 62.8 3 
P34* PHYGm09g03990R5 Reverse TTGTAAAGCGTATGCCACTC 20 60.3 2 
P35 PHYGm09g03990F5 Forward ACAAGGATGATGGGCAGAG 19 62.8 1 
P36* PHYGm09g03990R6 Reverse AACCAAGGACTTCCCCATAG 20 61.7 1 
P37 PHYGm09g03990F6 Forward GAGTAAGAGGCCTGATTTGGA 21 62.1 1 
P38* PHYGm09g03990F7 Forward TGAGTGGCATACGCTTTACA 20 61.9   
P39 PHYGm09g03990F8 Forward TTGAAAGCATTGACGATGG 19 62.3   
P40* PHYGm09g03990R7 Reverse GGGGTGAATTCAGATGGTAA 20 61.2   
P41 PHYGm09g03990F9 Forward TGGCTGTTTATGGTGATCAAT 21 61.8   
P42 PHYGm09g03990R8 Reverse CCCATCCGAAATTTGTTTTA 20 61.1   
   a (*) denotes primers used with successful amplification.  
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4.2.3 Gene Isolation and Sequencing 
Several combinations of primers pairs were used to isolate PHYB cds in Pongamia. Successful 
Polymerase Chain Reaction (PCR) amplification products obtained were visualised by agarose gel 
electrophoresis as described in Sections 2.5.5 and 2.5.6. Samples were then purified and sequenced 
according to the description in Sections 2.5.7 and 2.5.8. Sequences obtained were used in Geneious Pro 
as a reference sequence for another mapping with Pongamia short paired reads databases in order to 
extend the consensus sequence generated from the previous mapping to the 5’ and 3’ region of the 
exons. Additional sets of primers were designed from these extended consensus sequences at the 5’ and 
3’ region of the previously obtained gene fragment in order to get the full exon sequence of the gene. 
All PCR amplification products were analysed by agarose gel electrophoresis as described in Sections 
2.5.5 and 2.5.6. Samples were then purified and sent to the Australian Genome Research Facility 
(AGRF) for sequencing, as described in Sections 2.5.7 and 2.5.8.  
 
4.2.4 Expression Analysis 
Pongamia juvenile plants were subjected to different photoperiod treatments LD and SD for gene 
expression study as described in Section 2.3. Three biological replicates were collected for each time 
point of the photoperiod treatments. RNA were extracted from these samples and further synthesised 
into cDNA as described in Sections 2.6.1 and 2.6.2, respectively. 
 
To study the expression analysis of PpPHYB, primers were designed from exon regions of PpPHYB 
using the Primer3 software as described in Section 2.6.3 (Table 4.2), with the expected amplification 
product size of around 100–150 bp. Primers were also designed from Pongamia ATP Synthase and 
Cons7 genes as the reference genes (Libault et al., 2008; Winarto et al., 2015), listed in Table 4.3. To 
analyse the effectiveness of primers selected for the quantitative and qualitative study of PpPHYB 
expression, Reverse Transcription-Polymerase Chain Reaction (RT-PCR) were performed using Taq 
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DNA polymerase (Invitrogen Life Technologies, USA) according to Section 2.6.4 using a C1000 
thermal cycler (Bio-Rad, Australia). Gel electrophoresis was used to visualise all RT-PCR 
amplification products as described in Section 2.5.6.  
 
To analyse the quantitative expression profile of PpPHYB, Quantitative RT-PCR (qRT-PCR) was 
performed as described in Section 2.6.5. The LightCycler® 96 System thermal cycler were 
programmed as follows; preincubation at 95 °C for 5 min, 40 cycles of 95 °C for 20 s, 60 °C for 20 s, 72 
°C for 20 s followed by final melting step of 95 °C for 10 s, 65 °C for 1 min and 97 °C for 1 s. 
LightCycler® 96 Software Version 1.1.0.1320 was used to analysed the experimental data. The results 
of the qRT-PCR were analysed using the quantification cycle (Cq), which represents the number of 
cycles at which the amplification curve reaches its threshold. The ratio of expression from 
normalisation of PpPHYB expression to the expression of Cons7 as reference genes were calculated 
using the equation below:  
Ratio (reference/target) =2 Cq (ref) – Cq (target) 
 
The relative expression levels of PpPHYB for every biological replicate at each time point under the 
LD and SD conditions were averaged and plotted in a graph to analyse its expression pattern. 
. 
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Table 4.2: List of primers used for expression study (RT-PCR and qRT-PCR) of PHYB gene. 
ID Primers Name Direction Sequence (5' to 3') Length (bp) Melting Temperature (oC) 
Q5 RTPCRPpPhy09gF1 Forward GCAAGTCTTGGCTGATTTCT 20 61.0 
Q6 RTPCRPpPhy09gR1 Reverse CCCATCCGAAATTTGTTTTA 20 61.1 
 
Table 4.3: List of primers from housekeeping genes designed for expression study (RT-PCR and qRT-PCR) of PHYB gene. 
ID Primers Name Direction Sequence (5' to 3') Length (bp) Melting Temperature (oC) 
H3 H3GmATPSynthaseF2 Forward AAGGTTCTTAAGCCAGCCTTT 21 62.0 
H4 H4GmATPSynthaseR2 Reverse ATACACCCTGGAAGCTGTTGA 21 63.4 
H5 H5GmATPSynthaseR3 Reverse ACACACCCTGGAAGCTGTTGA 21 67.0 
H6* H6GmCons7F1 Forward ATGAATGACGGTTCCCATGTA 21 63.9 
H7* H7GmCons7R1 Reverse GGCATTAAGGCAGCTCACTCT 21 64.6 
          a(*) denotes primers used for qRT-PCR. 
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4.3 Results 
4.3.1 Mapping of Reference Genes to Pongamia Databases and Gene Isolation 
Utilisation of the iterative fine tuning function in Geneious Pro Version 6 during the mapping 
process using the Pongamia short paired reads databases have generated 9,944 number of reads 
collectively assembled to the concatenated Soybean reference genes (Appendix 2). In the first 
targeted exon of PpPHYB, primers combinations of P11 (TCCTCAGGCTTCTAGGTTTT) with 
P12 (CACAAGATCATGAACCAAGG) and P11 with P36 (AACCAAGGACTTCCCCATAG) 
have successfully amplified PCR products of approximately 1,200 bp (Figure 4.1B), similar to their 
expected product size. These primers were designed to overlap with each other for a more reliable 
result. The sequencing result of these PCR products of 1,071 bp and 1,066 bp respectively are listed 
in Figure 4.2.  
 
The primers designed for the second targeted exon, P13 (GAGTGTGCTTTGTTGGTCAG) and 
P34 (TTGTAAAGCGTATGCCACTC) have also successfully amplified a PCR product about 600 
bp (Figure 4.1C). PCR was also performed using Pongamia cDNA in order to obtain full sequence 
of exon 2 and exon 3. Primers P13 and P42 (CCCATCCGAAATTTGTTTTA) were used with the 
expected product predicted to contain sequence from exon 2 and exon 3, spanning the exon-exon 
junction. DNA sequences of these PCR products are shown in Figure 4.3. 
 
Primers combinations of P32 (AAATGCAGTTGTTAGCCAAG) with P17 
(GCAAACCTTGTCGGAGAATA), P38 (TGAGTGGCATACGCTTTACA) with P40 
(GGGGTGAATTCAGATGGTAA) and P39 (TTGAAAGCATTGACGATGG) with P40, designed 
to clone exon 3 of PpPHYB, successfully amplified PCR products with the size ranging from 1,200 
to 1,500 bp (Figure 4.4B, C & D). Sequences of these PCR products are listed in Figure 4.5 and 
Figure 4.6A. 
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Exon 4 sequence was obtained from amplification of primers P16 
(AGGCTTAGGACTGAGCATGA) and P17 which produced about 600 bp of PCR product (Figure 
4.4). The sequence of this PCR product is listed in Figure 4.6B. As primers designed within regions 
of exons 1–3 overlapped with each other, their DNA sequences can be combined to form a longer 
sequence, representing sequences of each exon and used for further analysis of PpPHYB. 
 
 
Figure 4.1: Amplified PCR products from the first exon (B) and second exon (C and D) of PpPHYB. A) 
Bioline Hyperladder 1 (Bioline, Australia). B) PCR product from primers P11 and P12, P11 and P36. C) 
PCR product from primers P32 and P17. D) PCR product from primers P13 and P42 using cDNA 
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Figure 4.2: DNA sequence of amplified PCR products from exon 1 of PpPHYB. (A) P11 and P12 primers (1,071 bp) and (B) P11 and P36 primers (1,066 bp). 
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Figure 4.3: DNA sequence of amplified PCR products from exon 2 of PpPHYB. (A) P13 and P34 primers (586 bp) and (B) P13 and P42 primers (797 bp). 
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Figure 4.4: Amplified PCR products from third exon (B, C and D) and fourth exon (E) of PpPHYB from 
several combinations of primers. A) Bioline Hyperladder 1 (Bioline, Australia). B) Primers P32 and P17. C) 
Primers P38 and P40. D) Primers P39 and P40. E) Primers P16 and P17. 
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Figure 4.5: DNA sequence of amplified PCR products from exon 3 of PpPHYB. (A) P32 and P17 primers (603 bp) and (B) P38 and P40 primers (1,204 bp). 
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Figure 4.6: DNA sequence of amplified PCR products from (A) exon 3 of PpPHYB with P39 and P40 primers (1,051 bp) and (B) exon 4 of PpPHYB with P16 and 
P17 primers (417 bp). 
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4.3.2 Analysis of PpPHYB Sequence 
PpPHYB exon sequences obtained from these primers were then verified through the alignment 
with PHYB gene in Soybean (GmPHYB) (Figure 4.7). This demonstrates that only exon 3 full 
sequence was obtained, while partial exon sequences were obtained in exons 1, 2, and 4 (Table 4.4) 
The sequences of each exon in PpPHYB were evaluated in Basic Local Alignment Search Tool 
(BLAST) analysis, and the results showed high similarities with GmPHYB sequence in all of the 
exons (Figure 4.8 to Figure 4.11).  
 
Table 4.4: Length and coverage of each PpPHYB exon verified. 
Exon Length (bp) Start of exon coverage End of exon coverage 
1 1,071 No No 
2 687 No Yes 
3 294 Yes Yes 
4 217 No Yes 
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Figure 4.7: Exon predictions of PpPHYB based on alignment with GmPHYB in A) Exon 1 B) Exon 2 C) Exon 3 and D) Exon 4. Black arrows indicate the start and 
end of each exon 
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Figure 4.8: Blast result of exon 1 sequence of PpPHYB (query) with GmPHYB (subject). 
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Figure 4.9: Blast result of exon 2 sequence of PpPHYB (query) with GmPHYB (subject). 
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Figure 4.10: Blast result of exon 3 sequence of PpPHYB (query) with GmPHYB (subject). 
 
 
Figure 4.11: Blast result of exon 4 sequence of PpPHYB (query) with GmPHYB (subject). 
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4.3.3 Identification of Protein Motifs and Sequence Alignment with Other Orthologue Genes 
Several conserved protein domains were also identified within the peptide sequences of these 
PpPHYB exons through the NCBI’s Conserved Domain Database (CDD) (Marchler-Bauer et al., 
2015), available online at (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). In the first exon, 
GAF domain and PHY domain were identified (Figure 4.12). PAS domain and His Kinase A 
domain were identified in exon 2 (Figure 4.13) while Histidine kinase-like ATPases (HATPase_c) 
domain was identified in exon 3 (Figure 4.14). However, no conserved protein domain was 
identified in exon 4 of PpPHYB (Figure 4.15).  
 
Using clustalW software (Larkin et al., 2007), translated amino acid sequence of PpPHYB from all 
four exons were aligned with the amino acid sequence of its orthologue genes in Arabidopsis 
(AtPHYB), Medicago truncatula (Medicago) (MtPHYB) and Soybean (GmPHYB) obtained from 
Phytozome v 9.1 database (Goodstein et al., 2012). Highly conserved amino acid residues were 
observed between these proteins, within the domain regions present in the exons (Figure 4.16 to 
Figure 4.19). 
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Figure 4.12: Peptide sequence from exon 1 of PpPHYB and identified protein domain highlighted in red and 
blue boxes. 
 
 
Figure 4.13: Peptide sequence from exon 2 of PpPHYB and identified protein domain highlighted in red and 
blue boxes. 
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Figure 4.14: Peptide sequence from exon 3 of PpPHYB and identified protein domain highlighted in red 
box.  
 
 
Figure 4.15: Peptide sequence from exon 4 of PpPHYB. 
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Figure 4.16: Alignment of amino acid residues of exon 1 in PpPHYB with other homologues GmPHYB, 
AtPHYB and MtPHYB. Identical amino acids are highlighted in red, with GAF domain region (blue box) and 
PHY domain region (green box) indicated. 
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Figure 4.17: Alignment of amino acid sequences of exon 2 in PpPHYB with other homologues GmPHYB, 
AtPHYB and MtPHYB. Identical amino acids are highlighted in red, with regions of PAS domain and His 
Kinase A domain shown in blue and green boxes respectively. 
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Figure 4.18: Alignment of amino acid sequences of exon 3 in PpPHYB with other homologues GmPHYB, 
AtPHYB and MtPHYB. Identical amino acids are highlighted in red, and HATPase_c domain region is 
indicated in the blue box. 
 
 
Figure 4.19: Alignment of amino acid sequences of exon 4 in PpPHYB with other homologues GmPHYB, 
AtPHYB and MtPHYB. Identical amino acids are highlighted in red. 
 
4.3.4 PpPHYB Expression Analysis in Relation to Photoperiod 
qRT-PCR results were analysed to obtain the expression profile of PpPHYB in Pongamia under 
different photoperiod conditions (LD and SD) (Figure 4.20). The expression of PpPHYB was 
observed to be regulated by circadian clock over the 24 h period under LD and SD conditions. 
PpPHYB showed a high level of expression in the morning, with decreased expression towards dusk 
but was increased again towards dawn. Furthermore, no significant differences were observed 
between its expression pattern under LD and SD conditions, although the expression level of 
PpPHYB in the morning peaked at ~8 h after dawn in LD instead of at dawn in SD. 
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Figure 4.20: Relative expression of PpPHYB to cons7 in Pongamia under the influence of long day (16 h 
light/8 h dark) and short day (8 h light/16 h dark) conditions. Each time point represents hours after exposure 
to light after dawn 
 
4.4 Discussion 
4.4.1 Mapping Process to Obtain Short Reads Representing PHY Genes in Pongamia 
Pongamia is a legume tree with a potential to be an alternative feedstock for the biofuel production, 
mainly due to the high oil content in its seeds and also its capability to grow on marginal lands 
(Azam et al., 2005; Scott et al., 2008; Biswas et al., 2013; Biswas and Gresshoff, 2014). Many 
aspects of the plants have been studied and characterised, providing information for better 
understandings of the plant. While reporting the mitochondria and chloroplast genomes of 
Pongamia, Kazakoff and colleagues have provided a valuable information in the form of the 
genomic short paired reads generated by the Illumina® Second Generation Sequencing (2GS) 
(Kazakoff et al., 2012). In addition, short-paired reads of Pongamia transcriptome were also made 
available through the utilisation of transcriptome analysis approach in characterising the salt 
responsive genes in Pongamia by Huang and colleagues (Huang et al., 2012). The availability of 
these data sets has provided a valuable resource for various molecular biology applications, 
especially since the whole genomic sequence of Pongamia is still unavailable compared to other 
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plant species such as Arabidopsis and Soybean. In this study, these data sets have been used in the 
mapping process to PHY reference genes from Soybean in order to obtain short paired read 
sequences representing PHY genes in Pongamia.  
 
4.4.2 Isolation and Characterisation of PpPHYB 
The physiology, biochemical features, and pollination mechanism of Pongamia flowers have been 
described in several studies (Jain and Dhingra, 1991; Solomon Raju and Rao, 2006; Scott et al., 
2008). However, research into other aspects of flowering such as the environmental factors and 
genetic network that regulate its flowering time is still much needed. Understanding the structure 
and probable functions of genes that might be involved in Pongamia flowering will help to fill this 
knowledge gap. PHYB, the gene in focus of this study, has been reported to delay flowering in 
plants under both LD and SD. It inhibits floral initiation through the destabilisation of CO protein in 
the morning (Valverde et al., 2004; Jang et al., 2008). It is also a photoreceptor that is involved in 
many plant developmental processes, including circadian clock regulation, petiole elongation, and 
shade avoidance (Reed et al., 1994).  
 
 
Structure of PHYB and other PHY genes in plants have been reported to comprise several conserved 
protein domains important for the sensor and signalling roles of PHY (Takano et al., 2005; 
Rockwell and Lagarias, 2006; Moglich et al., 2010). Protein domains located within the N-terminal 
region of PHY form the chromophore binding module, while C-terminal domains of PHY are 
responsible for facilitating the transmission of light signals sensed by the N-terminal region to the 
signal transduction pathways (Yeh and Lagarias, 1998; Tasler et al., 2005; Rockwell and Lagarias, 
2006).  
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The aforementioned conserved protein domains were also identified within the PpPHYB protein. 
GAF and PAS domains were identified in the first and second exon respectively. Apart from 
photoreceptors, they are also present in many other diverse families of proteins such as serine 
kinases, histidine kinases and circadian clock proteins (Alex and Simon, 1994; Kay, 1997; Ponting 
and Aravind, 1997). GAF domain was named after some of the proteins where it was found in; 
cGMP-regulated phospodiesterases, adenylyl cyclases and transcription factor FhlA (Ho et al., 
2000). PAS domain was named after three proteins where it was initially discovered: period protein 
(PER), aryl hydrocarbon receptor translocator protein (Arnt) and single-minded protein (SIM) 
(Hefti et al., 2004). GAF and PAS domain are linked to each other and they bind to small protein 
molecules essential for the sensing of input signals (Ho et al., 2000; Hefti et al., 2004). PHY 
domain, which was found in exon 1 of PpPHYB protein, was reported to be responsible in 
stabilising the chromophore (Montgomery and Lagarias, 2002), while histidine kinases domain in 
exons 2 and 3 was known to play roles in various signal transduction pathways (Krall and Reed, 
2000). These protein domains within PpPHYB protein were also found to be highly conserved with 
the PHYB protein from Arabidopsis, Soybean and Medicago, suggesting that the function of 
PpPHYB might be similar to its orthologue genes in these species. 
 
Further comparison was made in terms of the expression patterns of PpPHYB under different 
photoperiod condition. Circadian rhythm regulated expression pattern was observed under both LD 
and SD conditions without any significant differences between them, consistent with the published 
results of PHYB expression pattern in Arabidopsis (Bognar et al., 1999; Hall et al., 2002). This 
result is in agreement with reports that PHYB transcription is light insensitive, compared to the 
PHYA, which is regulated by light (Sharrock and Quail, 1989). Furthermore, this expression pattern 
does not contradict with PHYB role of flowering time regulation where it degrades CO protein in 
the morning, regardless of the photoperiod condition (Valverde et al., 2004).  
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As discussed in Chapter 3, a common characteristic of woody trees such as Pongamia is they will 
undergo a long period of juvenile phase before transitioning into flowering stage. In Pongamia 
generally, this juvenile period may take up to three years before flowering to occur. It has been 
reported that expression of genes in juvenile plants might be affected by a repression mechanism in 
comparison to mature trees (Brunner and Nilsson, 2004). An example of this epigenetic variation 
can be seen in Poplar, where the levels of FT1 and FT2 transcript varied in juvenile and mature 
trees (Hsu et al., 2011). Chromatin based repression of gene expression similar to the role of TFL in 
Arabidopsis has been proposed to play a similar role but with a bigger effect in trees (Brunner and 
Nilsson, 2004). In Arabidopsis, TFL has been reported to inhibit the activity of flower promoting 
gene, FT (Kobayashi et al., 1999), while in perennial Arabis, TFL blocked the flowering of young 
plants exposed to vernalisation by repressing the expression of LFY (Wang et al., 2011). However, 
the mechanisms of such regulation in trees are still unknown.  
 
In this study, the expression of PpPHYB in juvenile Pongamia plants exhibited similar expression 
pattern with PHYB in Arabidopsis (Valverde et al., 2004), suggesting that the expression of 
PpPHYB might not be affected by juvenility. This might be due to the reported role of PHYB as a 
repressor of the floral promoter gene, CO, while the reported epigenetic variation was found to 
affect floral promoter gene such as FT in Arabidopsis, LFY in Arabis and FT1 and FT2 in Poplar 
(Kobayashi et al., 1999; Hsu et al., 2011; Wang et al., 2011). However, further studies especially 
using samples from mature Pongamia trees will need to be conducted in the future in order to 
investigate the affect juvenility has on the expression of PpPHYB in Pongamia. 
 
The highly conserved protein domains and similar expression patterns of PpPHYB suggest that the 
function of PHYB is conserved across flowering plants, which also concur with the study of PHYB 
in other species, such as the study of PHYA, B, and C function in the deetiolation and flowering in 
rice, conducted by Takano and colleagues (Takano et al., 2005). In order to determine the exact 
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function of PpHYB however, further research into its function will still need to be carried out. This 
is discussed in Chapter 6. 
 
4.5 Conclusions 
In conclusion, partial cds sequence of PpPHYB was isolated from Pongamia and was shown to be 
highly conserved with PHYB gene in Arabidopsis, Soybean, and Medicago. The expression of 
PpPHYB under both photoperiod conditions was also observed to be regulated by the circadian 
rhythm over the 24-hour period, similar to the expression of PHYB in Arabidopsis. This further 
supports the notion that the role of PHYB is conserved in flowering plants, including Pongamia. 
However, a functional analysis will need to be carried out before the exact function of PpPHYB can 
be concluded. The information obtained throughout this study could be helpful in filling the 
knowledge gap to further understand the structure and role of PpPHYB in the flowering time control 
of Pongamia. 
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Chapter 5   SNP Analysis in PpCOL-1 and PpPHYB in Relation to Differences 
in Flowering Time in Pongamia 
 
5.1 Introduction 
The successful isolation of flowering genes orthologues in Pongamia, PpCOL-1 and PpPHYB, has 
provided a platform to further understand the regulation of flowering in this biodiesel plant. 
Functional analysis will be very helpful in determining the function of these genes. However, this 
proves to be a challenge when working with plants the size of Pongamia. Compared to annual 
plants like Arabidopsis and Soybean, mutants screening is not possible in Pongamia as it will take 
about three to four years before it starts flowering, thus eliminate the use of reverse genetic 
approaches. In this study, a basic single nucleotide polymorphisms (SNPs) analysis was used to 
establish any correlation between the differences in the flowering phenotype of Pongamia with 
SNPs presence within these genes. 
 
SNP are differences in a single base between DNA of different individuals, at a specific position in 
the genome (Kruglyak, 1997). In most organisms, SNPs are the most stable genetic variation and 
has been widely used as genetic markers, and utilised in many applications such as detection of risk 
associated alleles linked to disease, marker assisted breeding, and conservations study between 
species (Flint-Garcia et al., 2003; Feltus et al., 2004; Eberle et al., 2007). The advancement of 
sequencing technology has reduced the time and cost for high throughput sequencing for SNPs 
detection, while several methods of SNPs genotyping have been developed over the years for high 
throughput applications, such as SNP array (Shendure et al., 2004; Barbazuk et al., 2007; Li et al., 
2009; Trick et al., 2009).  
For smaller scale SNPs analysis, there are alternatives approaches for identifying and characterising 
SNPs such as Denaturing Gradient Gel Electrophoresis (DGGE) and Single Strand Conformation 
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Polymorphism (SSCP). DGGE is a molecular approach to detect variation between sequences 
within a population, or even a community. Through this method, the amplified products of the 
genes of interest will be used in gel electrophoresis under constant heat by increasing concentration 
of denaturing agents (formamide or urea) (Muyzer et al., 1993; Walter et al., 2000; McAuliffe et al., 
2005). Hydrogen bonds between base pairs will be broken by different concentrations of denaturing 
agents at a constant temperature. The difference in the stability of A-T pairing and G-C pairing is 
exploited in this method, hence any variation within the DNA sequence will result in different 
melting points which can be observed in an acrylamide gel. DNA fragments of interest can be 
excised from the gel and sequenced for further application and analysis. Another method that can be 
used to analyse variation within Pongamia DNA sequences is the PCR coupled Single Strand 
Conformation Polymorphism (SSCP). Secondary and tertiary structure will be formed from single 
stranded DNA through base pairing between nucleotides within the individual strands. The 
structures are affected by strand length, sequence, location and numbers of region of base pairing 
(Orita et al., 1989; Hayashi, 1991; Gasser et al., 2007). A variation within a sequence can alter the 
conformation of a molecule, and will affect its electrophoretic mobility. This will result in different 
mobility and separated bands observed in a non-denaturing gel matrix. Similar with DGGE, these 
bands can later be excised and sequenced for further analysis. 
 
Due to time constrains, direct DNA sequencing method was used in this study to screen for SNPs 
presence within the regions of interest in both genes, which are the CCT motif domain in PpCOL-1 
and GAF and PHY domain in PpPHYB. The CCT domain was selected as it plays an important role 
in the binding of CO to the FT promoter (Tiwari et al., 2010; Gangappa et al., 2013), while the GAF 
and PHY domain, part of the N-terminal domains in PHYB, is important for its photosensing 
function (Rockwell and Lagarias, 2006). These domains were also found to be highly conserved 
between its orthologue genes, as shown in Section 3.3.3, (Figure 3.10) and Section 4.3.3, (Figure 
4.16). In order to establish any correlation of Pongamia flowering time with SNPs in these genes, 
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PpCOL-1 sequences between late flowering trees were analysed, as mutant of co in Arabidopsis 
have been shown to flower later than the wild type (Koornneef et al., 1991), while PpPHYB 
sequence were analysed between early flowering trees, as phyb mutant have been reported to flower 
earlier than WT in Arabidopsis (Guo et al., 1998). 
 
5.2 Materials and Methods 
5.2.1 Flowering Time Phenotyping 
Pongamia trees in the trial plantation site in Gatton and also within the Brisbane area were observed 
for any flowering activity during middle of spring season until early of summer (early October 2015 
to middle of December 2015), and late summer to middle of autumn (late February 2016 to late 
April 2016). Observation of the flowering activity of these trees was conducted on a weekly basis 
within these periods.  Although these trees were also observed previously for flowering activity, the 
data was not used in this experiment as those observations were made less frequently, and the 
recorded flowering time of these trees might be less accurate. During the observation period of the 
first flowering season (early October 2015 to early December 2015), each tree in Gatton was 
observed for inflorescence formation, which will then be marked as the starting time of flowering. 
These trees were also observed for the intensity or the amount of flowers produced by them. During 
the second season of flowering (late February 2016 to late April 2016), only a few trees in Gatton 
trial plantation site were observed to flower. These trees were also found to have flowered during 
the first season of flowering, but produced less number of flowers during the second flowering 
season. Observations were also made on Pongamia trees around Brisbane area in order to identify 
more trees that flowered during the second flowering season.  
 
Definition of early or late flowering for perennials is identified on the flowering time of the plants 
during its flowering season. For example, trees that flower early during its flowering season are 
considered as early flowering trees, while trees that flower late into the flowering season are 
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classified as a late flowering tree. For the purpose of this study, trees that started to flower from late 
October to early November were considered to have an early flowering phenotype, while trees that 
flower from middle to late April (second season) were considered to have a late flowering 
phenotype. 20 trees of each of the phenotype were randomly selected, for SNP analysis of the 
PpCOL-1 and PpPHYB regions of interest. UQ1 tree, which flower in the middle of November, was 
considered as having normal flowering phenotype and was selected as a reference sequence. 
5.2.2 Plant Materials 
Genomic DNA was extracted from leaf samples of the selected trees from each phenotype and their 
quality was measured based on the protocol described in Section 2.5.1.  
 
5.2.3 Isolation of Region of Interest 
Primers used in this study were initially designed for the isolation of PpCOL-1 and PpPHYB 
respectively, as described in Sections 3.2.2 and 4.2.2 (Table 5.1). They were designed using the 
Primer3 software version 0.4.0 (Koressaar and Remm, 2007) (http://bioinfo.ut.ee/primer3-
0.4.0/primer3/) based on the criteria described in Section 2.5.2. The expected polymerase chain 
reaction (PCR) product of these primers contained the regions of interest. Primers P10 
(GATGTGTGAGGTGTGTGAGC) with P29 (ATCGTCAGGTCCATAACACG) contain CCT 
motif in PpCOL-1, while primers P11 (TCCTCAGGCTTCTAGGTTTT) with P36 
(AACCAAGGACTTCCCCATAG) contained GAF and PHY domains in PpPHYB. PCR was 
performed based on the protocol described in Section 2.5.3, using the DNA samples extracted from 
late flowering trees as the template for PpCOL-1 primers and early flowering trees as the template 
for PpPHYB primers. All PCR amplification products were visualised by agarose gel 
electrophoresis as described in Sections 2.5.5 and 2.5.6. These PCR products were then purified 
based on protocol explained in Section 2.5.7 and sent to the Australian Genome Research Facility 
(AGRF) for sequencing as described in Section 2.5.8. 
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Table 5.1: List of primers used in PCR to isolate the regions of interest from PpCOL-1 and PpPHYB gene in Pongamia. 
ID Primer Direction Gene Sequence (5' to 3') Length (bp) Melting Temperature (°C) Region(s) Amplified 
P10 COGm13g01290F1 Forward PpCOL-1 GATGTGTGAGGTGTGTGAGC 20 62 CCT Domain 
P29 COGm13g01290R3 Reverse PpCOL-1 ATCGTCAGGTCCATAACACG 20 62.4 CCT Domain 
P11 PHYGm09g03990F1 Forward PpPHYB TCCTCAGGCTTCTAGGTTTT 20 59.5 GAF and PHY Domain 
P36 PHYGm09g03990R6 Reverse PpPHYB AACCAAGGACTTCCCCATAG 20 61.7 GAF and PHY Domain 
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5.2.4 SNP Analysis 
Sequencing result of each sample was analysed for its quality based on the single peak in each 
position of its chromatogram. A high quality sequence consisting the complete sequence of regions 
to be analysed from each phenotype was aligned with each other together with the reference 
sequence (UQ1). ‘Multiple alignment’ function in Geneious Pro version 6 
(http://www.geneious.com, (Kearse et al., 2012) was utilised for this purpose. Any nucleotide 
differences observed between these sequences were recorded, and the chromatograms of these 
residues were further analysed in order to eliminate the possibility of sequencing error. 
 
5.3 Results 
5.3.1 Early and Late Flowering Trees in Brisbane and Gatton 
Pongamia is a long day plant; it will flower during late spring to the middle of summer when the 
day is longer. Most of the Pongamia trees in Gatton plantation site and surrounding Brisbane area 
started to flower around middle to late November. However, some trees started to flower earlier in 
early November. There are also trees that flower in the middle of April or also known as “off-
season”, compared to the usual flowering period from November to January. Table 5.2 and Table 
5.3 list down 20 of these early and late flowering trees, which were planned to be used as samples 
in this study. However, there are difficulties in obtaining a high quality result from the DNA 
sequencing of the region of interest through the Sanger sequencing method amongst these samples. 
Analysis of the sequencing chromatogram of these samples showed high background or noisy 
sequencing signal, gradual early termination of sequencing signal, and double peaks at the base 
position. As these sequences were planned to be used in SNPs analysis, PCR products purification 
and sequencing were repeated number of times in order to obtain high quality sequences of each 
samples. Unfortunately, due to time constraints only 9 samples were classified to have high quality 
sequencing results and were used in this study for early and late flowering samples.  
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Table 5.2: List of Pongamia trees in UQ Gatton Campus plantation site and Brisbane considered to flower 
early (early November). 
 
Tree IDa Location Early Flowering Date 
G12 Lane 1 Tree 4, Gatton 2/11/15 
G13* Lane 1 Tree 14, Gatton 2/11/15 
G14 Lane 1 Tree 20, Gatton 2/11/15 
G15* Lane 1 Tree 32, Gatton 2/11/15 
G16 Lane 1 Tree 46, Gatton 2/11/15 
G17* Lane 1 Tree 55, Gatton 2/11/15 
G18* Lane 1 Tree 69, Gatton 2/11/15 
G19 Lane 1 Tree 77, Gatton 2/11/15 
G20* Lane 1 Tree 83, Gatton 2/11/15 
G21 Lane 2 Tree 1, Gatton 2/11/15 
G22 Lane 2 Tree 7, Gatton 2/11/15 
G23* Lane 2 Tree 11, Gatton 2/11/15 
G24 Lane 2 Tree 20, Gatton 2/11/15 
G25 Lane 2 Tree 31, Gatton 2/11/15 
G26* Lane 2 Tree 40, Gatton 2/11/15 
G27 Lane 2 Tree 54, Gatton 2/11/15 
G28 Lane 2 Tree 60, Gatton 2/11/15 
G29 Lane 3 Tree 10, Gatton 2/11/15 
G30* Lane 3 Tree 15, Gatton 2/11/15 
G31 Lane 3 Tree 20, Gatton 2/11/15 
G32* Lane 3 Tree 29, Gatton 2/11/15 
G33 Lane 3 Tree 34, Gatton 2/11/15 
G34 Lane 3 Tree 38, Gatton 2/11/15 
G35 Lane 3 Tree 42, Gatton 2/11/15 
G36 Lane 3 Tree 49, Gatton 2/11/15 
                      a(*) denotes trees samples used for SNP analysis 
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Table 5.3: List of Pongamia trees in UQ Gatton Campus plantation site and Brisbane observed to flower 
later (middle April). 
Tree ID Location Late Flowering Date 
B1* Corner of Plumridge St and Appel St, Graceville 13/04/16 
B2* Corner of Evadne St and Appel St, Graceville 13/04/16 
B3 Corner of Evadne St and Appel St, Graceville 13/04/16 
B4* Corner of Connors St and Appel St, Graceville 13/04/16 
B5 Corner of Connors St and Appel St, Graceville 13/04/16 
B6 Corner of Connors St and Appel St, Graceville 13/04/16 
B7* Corner of Crawford St and Appel St, Graceville 13/04/16 
B8 Corner of Crawford St and Appel St, Graceville 13/04/16 
B9 Corner of Randolph St and Appel St, Graceville 13/04/16 
G1* Lane 1 Tree 93, Gatton 20/04/16 
G2 Lane 2 Tree 15, Gatton 20/04/16 
G3 Lane 1 Tree 94, Gatton 20/04/16 
G4* Lane 1 Tree 76, Gatton 20/04/16 
G5* Lane 2 Tree 53, Gatton 20/04/16 
G6 Lane 2 Tree 51, Gatton 20/04/16 
G7 Lane 2 Tree 61, Gatton 20/04/16 
G8* Lane 2 Tree 25, Gatton 20/04/16 
G9 Lane 1 Tree 47, Gatton 20/04/16 
G10* Lane 1 Tree 69, Gatton 20/04/16 
G11 Lane 2 Tree 13, Gatton 20/04/16 
      a(*) denotes trees samples used for SNP analysis 
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5.3.2 Isolation and SNP Analysis of CCT Domain Region in PpCOL-1 from Late Flowering 
Trees 
CO has been regarded as one of the key regulatory components in photoperiod control of flowering 
time in Arabidopsis, as well as in other species such as rice (Putterill et al., 1995; Yano et al., 2000; 
Kojima et al., 2002; Valverde et al., 2004). In Arabidopsis, a facultative long day plant similar to 
Pongamia, the influence of long day condition caused CO mRNA level to peak after 12-16 hours 
after dawn, which led to the activation of FT, the mobile flowering signal that induces flowering. 
SNPs, which might affect the function of CO, will reduce the plants’ photoperiodic sensitivity, 
where mutation of co in Arabidopsis led to late flowering phenotype (Koornneef et al., 1991). Due 
to this reason, SNPs analysis in PpCOL-1 in relation to differences in flowering time was carried 
out using samples from late flowering Pongamia trees only. 
 
Successful amplifications were verified by agarose gel electrophoresis, as all of the PCR products 
showed similar products size between them (~1,250 bp) (Figure 5.1). The sequences from G5 and 
G10 trees, however, were considered to be poor quality and discarded from the SNPs analysis. 
Through the alignment of the region of the CCT domain from each sequence with the reference 
sequence of the UQ1 tree, several nucleotide differences can be observed within the B7 and G4 
trees (Figure 5.2). Further analysis on the chromatogram of these nucleotides showed noticeable 
baseline noise at the location of those bases compared to a single sharp peak of the bases in the 
UQ1 sequence (Figure 5.3 and Figure 5.4). This suggests that the nucleotide differences cannot be 
considered as SNPs, as the sequencing result might be untrustworthy.  
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Figure 5.1: Amplified PCR products of PpCOL-1 primers from late flowering samples (a) Bioline 
Hyperladder 1 (Bioline, Australia) (b) PCR product from primers P10 and P29 (~1250 bp) of samples B1, 
B2, B4, B7, G1, G4, G5, G8 and G10 
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Figure 5.2: Alignment of PpCOL-1 DNA sequence containing CCT domain of late flowering trees and UQ1 tree. Nucleotide differences within sequences were 
highlighted with yellow, pink and blue colour. 
 
 
Figure 5.3: Alignment of PpCOL-1 DNA sequence containing CCT domain of late flowering tree B7 (top) and UQ1 tree (bottom), showing nucleotide differences 
and individual chromatogram. 
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Figure 5.4: Alignment of PpCOL-1 DNA sequence containing CCT domain of late flowering tree G4 (top) and UQ1 tree (bottom), showing nucleotide differences 
and individual chromatogram. 
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5.3.3 Isolation and SNP Analysis of GAF and PHY Domain Regions in PpPHYB from Early 
Flowering Trees 
PHYB is one of the photoreceptors belonging to the PHYTOCHROME class (Clack et al., 1994). 
Apart from its light sensing function, PHYB has been suggested to play a role in photoperiod 
flowering time regulation in Arabidopsis (Reed et al., 1994; Devlin et al., 1996). PHYB acts as a 
flowering repressor by degrading CO protein during early morning, in both LD and SD conditions 
(Onouchi et al., 2000; Valverde et al., 2004). Mutation of phyb in Arabidopsis has been shown to 
cause the plants to flower earlier than the wild type under both LD and SD conditions. PHYB has 
been studied in many other species of plants such as rice and tobacco (Kern et al., 1993; Takano et 
al., 2005), and also in other legumes including pea and soybean (Weller et al., 2001; Wu et al., 
2011). These studies have reported a highly conserved sequence and functional properties with 
PHYB in Arabidopsis. As described in Chapter 4 Section 4.4.2, this might also be the case in 
Pongamia, as PpPHYB sequence and expression pattern have been found to be highly conserved 
with PHYB in Arabidopsis, though further functional analysis need to be carried out in Pongamia. 
Therefore, if there is a correlation between SNPs in PpPHYB and its function, it is more likely that 
it will cause Pongamia plant to flower early. Hence, the analysis of SNPs in PpPHYB in relation to 
the differences in flowering time in Pongamia was focused on samples from early flowering 
Pongamia trees only. 
 
Gel electrophoresis analysis of all the amplified PCR products of P11 with P36 from early 
flowering trees showed successful amplifications for every sample as indicated by their similar 
products size (Figure 5.5). Alignment of the PpPHYB DNA sequences that code for the GAF 
domain region from early flowering trees have found only one nucleotide difference within the 
sequence of G18 tree (Figure 5.6), while the alignment of the DNA sequences of PHY region 
showed 2 nucleotide differences in the same location within trees G13 and G18 (Figure 5.8). 
Further analysis on the chromatogram of these nucleotides showed two peaks of different colours 
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representing “C” and “T”. The sizes of both peaks were approximately half of the height of a single 
peak, corresponding to the peak at the exact location in UQ1 sequence (Figure 5.7, Figure 5.9 and 
Figure 5.10). The identified SNPs are listed in Table 5.4. 
 
 
Figure 5.5: Amplified PCR products of PpPHYB primers from early flowering samples (A) Bioline 
Hyperladder 1 (Bioline, Australia) (B) PCR product from primers P11 and P36 (~1,200 bp each) of samples 
G13, G15, G17, G18, G20, G23, G26, G30 and G32. 
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Figure 5.6: Alignment of PpPHYB DNA sequence containing GAF domain (start and end location indicated by red arrows) of late flowering trees and UQ1 tree. 
The difference in nucleotide within the sequence is highlighted in green. 
 
 
 
Figure 5.7: Alignment of PpPHYB DNA sequence containing GAF domain of early flowering tree G18 (top) and UQ1 tree (bottom), showing nucleotide differences 
and individual chromatogram. 
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Figure 5.8: Alignment of PpPHYB DNA sequence containing PHY domain of late flowering trees and UQ1 tree. A) Alignment of DNA sequence of the whole PHY 
region with nucleotide differences is highlighted within the blue box. B) Close up of the region with nucleotide differences within sequence as highlighted in green. 
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Figure 5.9: Alignment of PpPHYB DNA sequence containing GAF domain of early flowering tree G13 (top) and UQ1 tree (bottom), showing nucleotide differences 
and individual chromatogram. 
 
 
Figure 5.10: Alignment of PpPHYB DNA sequence containing PHY domain of early flowering tree G18 (top) and UQ1 tree (bottom), showing nucleotide 
differences and individual chromatogram. 
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Table 5.4: SNPs details for all the SNPs detected 
SNPs Location Alleles Domain Codon Change Amino Acid Change 
132 C/T GAF GTC to GTT Valine to Valine 
177 C/T PHY GCC to GCT Alanine to Alanine 
177 C/T PHY GCC to GCT Alanine to Alanine 
 
5.4 Discussion 
5.4.1 Genetic Diversity of Pongamia as the Basis of SNPs Analysis 
Although Pongamia has been described as a fast growing tree, it will still take about 4–5 years 
before it reaches its adult height. Many of the traits are only expressed when the trees are mature 
enough, for example, flowering will generally occur after 3–4 years. Such long life cycle makes it 
difficult and time consuming to screen for mutants with desirable traits, hence making it 
challenging to study the function of a gene through reverse genetic method. A SNPs analysis based 
on the genetic diversity of individual trees was seen as a viable option to study the association 
between the genotype and phenotype of Pongamia.  
 
Almost all of the Pongamia trees at the trial plantation site at the UQ Gatton campus were planted 
in December 2008, derived from seeds of mature Pongamia street trees from suburb around 
Brisbane (Taringa, Milton, and Graceville) (Murphy et al., 2012). Through the combination of 
outcrossing nature of Pongamia and also seeds used from multiple sources of trees for this 
pongamia plantation site, genetic variation is expected amongst these Pongamia trees. This is 
further reflected in phenotypic diversity observed between them, including tree size, leaf size, leaf 
shape, seed size, seed shape and seed oil composition (Kaushik et al., 2007; Kesari et al., 2008; 
Jiang et al., 2012; Biswas et al., 2013). Flowering time is another example where the manifestation 
of differences in traits can be seen in Pongamia. Observation of Pongamia flowering time around 
the Brisbane area and also in the UQ Gatton campus plantation site revealed their flowering time 
ranges from October until January, representing late spring to the middle of summer in the southern 
hemisphere. Some of the trees were also observed to flower in April.  
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The first season of flowering highlighted above represent the long day condition, which promotes 
flowering in Pongamia. In perennial plants, changes in day length which is longer (long day) or 
shorter (short day) than their respective critical day length, will determine the growth stage of the 
plants, transitioning from cycle of vegetative growth to reproduction stage, and vice versa. Long 
day perennials, for example, will undergo vegetative growth most time of the year. Once they were 
exposed to long day condition, which is the right stimuli that promotes flowering for them, they will 
shift from vegetative growth to reproductive development. After this flowering period, they will 
return to their vegetative developmental stage until they were exposed again to long day condition. 
Exposure to shorter day length than their critical day length will inhibit flowering in long day 
perennials, hence maintaining their vegetative development. This behavior towards changes in day 
length can be seen in perennials such as Pongamia, Poplar and Arabis alpina (Arabis) (Brunner and 
Nilsson, 2004; Hsu et al., 2006; Solomon Raju and Rao, 2006; Scott et al., 2008; Wang et al., 2009; 
Hsu et al., 2011). The finding of few Pongamia trees that flower during the second season of 
Pongamia flowering is in agreement with study conducted by Solomon Raju and Rao in 2006, 
where they described small number of Pongamia trees flowered in the second season for about two 
weeks, with few number of flowers produced (Solomon Raju and Rao, 2006). The differences in 
their flowering time were examined to study the correlation of SNPs present within the sequences 
of PpCOL-1 and PpPHYB with the flowering time differences. 
 
However, the exposure of perennials towards favourable day length condition that promotes 
flowering does not ensure flowering will occur in the individual plant. This is because perennials, 
especially woody plants in particular, will undergo a period of juvenility, which can last from few 
weeks to several years (Brunner and Nilsson, 2004). During this juvenility period, they will undergo 
vegetative growth while also gaining the ability to respond to the environmental factors that 
promotes flowering. The sensitivity towards environmental factors will increase gradually as 
perennial plants approach maturity (Brunner and Nilsson, 2004; Hsu et al., 2006; Hsu et al., 2011; 
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Wang et al., 2011). Once they have matured and obtained enough competence to respond to 
flowering stimuli, exposure to the favourable day length will promote flowering, and initiate 
transition to reproductive development, before undergoing vegetative development after this 
flowering period. 
 
A similar approach, although with different methodology, has been developed before. While 
discussing the genetic, morphological and biochemical diversity in Pongamia, Jiang and colleagues 
have successfully developed a molecular marker technology to further reflect genetic diversity 
amongst Pongamia trees (Jiang et al., 2012). They had found variation in their evaluations of seed 
mass (ranging from 0.41 g to 1.50 g), seed oil content (ranging from 19.7 % to 50.5 %), and oleic 
acid oil composition (ranging from 25.4 % to 54.2 %) amongst samples of Pongamia trees. Similar 
evaluations were also conducted between a parent tree T1, and a number of its progenies, where 
variations have also been found. However, variations of seed oil content were found to be larger 
between seeds from different trees than between seeds from the same parent tree. A second 
generation sequencing (2GS) derived Inter Simple Sequence Repeat (ISSR) markers (Pongamia 
ISSR; PISSR), which is a PCR-based DNA marker technique, was developed to further evaluate the 
genetic diversity amongst Pongamia sample trees. These PISSR primers were designed from 
Pongamia short paired reads, to represent real Pongamia genome sequences, and DNA profiles 
resulting from PCR with these PISSR primers were assessed by polyacrylamide gel electrophoresis 
(PAGE) and silver staining method (Bassam et al., 1991; Bassam and Gresshoff, 2007). The usage 
of these PISSR primers was able to generate extensive polymorphic bands, where each PISSR 
primer generated 7 to 15 polymorphic markers. In comparison, common ISSR markers were only 
able to generate common bands. Through the genetic similarity analysis, the parent tree T1 is more 
closely related to its progenies than to other trees, where PISSR polymorphism are more frequent 
between Pongamia trees, than between related progenies. This finding further supports the 
outcrossing breeding nature of Pongamia, while the development of these PISSR markers will be 
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useful in reflecting the phenotype diversity observed amongst Pongamia trees. Based on the same 
concept, genetic markers have also been used to evaluate genetic diversity in Pongamia (Kesari et 
al., 2010; Sahoo et al., 2010; Sharma et al., 2011). 
 
5.4.2 SNPs Analysis of CCT, GAF and PHY Domains 
Alignment of DNA sequences of PpCOL-1 from Pongamia late flowering trees showed some 
polymorphisms in several bases of B7 and a single base of G4 trees. However, these nucleotide 
differences were not considered as SNPs. This is due to low signal to base ratio in their sequencing 
chromatogram results and the presence of multiple peaks which might interfere with the sequencing 
results. Therefore, no SNPs were identified within the CCT domain between the late flowering trees 
and UQ1. 
 
Polymorphism was also found between the alignment of PpPHYB DNA sequences from early 
flowering trees. Chromatogram analysis of these nucleotides showed an excellent quality sequence, 
with heterozygous peaks at the position of polymorphism bases. These polymorphisms were 
classified as synonymous SNPs, as it still codes for the same amino acid. These SNPs however, do 
not seem to be correlated with the differences in flowering time in Pongamia, as it is only present in 
small frequency within the population of samples tested; 1 tree out of 9 in GAF domain and 2 trees 
out of 9 in PHY domain. 
 
However, there are certain limitations in this study due to the limited time available to complete all 
the experimental works, which could be improved in further SNPs analysis of Pongamia flowering 
genes in the future. Notably, a small sample size was used in this study, as only 9 samples were 
tested for each gene, compared to 20 trees that were selected at first. The rest of the samples were 
eliminated as they produced low quality sequencing results, which might affect the result of the 
SNPs analysis. This sample size is less likely to represent the population of Pongamia and would 
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not be able to limit the influence of outlier amongst the samples. Therefore, increasing the sample 
size for SNPs analysis in Pongamia in future study will produce a more reliable and precise results. 
 
Furthermore, Pongamia samples should also be tested for molecular variation in order to analyse the 
genetic diversity between Pongamia tree samples. Several methodologies have been developed to 
assess diversity within a population, and can be considered in future SNPs analysis of Pongamia. 
PISSR markers technique, which was developed by Jiang and colleagues, are ISSR markers that 
utilised Pongamia short paired reads sequence database, and has been proven to produce 
polymorphic bands between Pongamia individual tree. Combination with PAGE and DNA silver 
staining method will enable visual analysis and allow for further applications such as sequencing of 
DNA fragment of interest (Bassam et al., 1991; Bassam and Gresshoff, 2007). DGGE and SSCP are 
molecular approaches that can also be utilised to analyse molecular variation amongst Pongamia 
samples. These molecular approaches will separate DNA molecules that differed in one or more 
nucleotides, and have been proven to be useful in analysis of sequence variation (Muyzer et al., 
1993; Gasser et al., 2007). They will enable a better selection of Pongamia tree samples to be 
sequenced, and also improve the efficiency of sequencing process involving a larger sample size in 
future SNPs analysis in Pongamia. 
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5.5 Conclusions 
In this study, the early and late flowering trees of Pongamia were identified and fragments of their 
DNA sequences of PpCOL-1 and PpPHYB were compared to the sequence of a tree with normal 
flowering phenotype. However, there is no reliable nucleotide differences detected that can be 
classified as SNPs between these sequences, indicating that no correlation can be established 
between the genetic diversity of these important protein domains of the genes with Pongamia 
flowering phenotype. 
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Chapter 6  Conclusions and Future Directions 
 
6.1 Biofuels as an Alternative to Fossil Fuels 
Current dependency on fossil-based fuel not only contributed to the depletion of the non-renewable 
resources but also detrimental effects towards the environment, as represented by the significant 
increase of carbon dioxide (CO2) emission in the last four decades (Williams, 2011; IEA, 2015). 
Biodiesel, a type of biofuel which is typically produced from renewable lipid feedstock including 
animal fat and vegetable oil, has emerged as one of the alternative solutions to the current 
dependence on fossil fuels (Hill et al., 2006; Demirbas, 2009; Biswas et al., 2011). Studies have 
reported that biodiesel generally produces significantly reduced emissions of particulate matter and 
carbon monoxide (CO) in comparison to the fossil-based fuel (Xue et al., 2011). Despite this, 
growing crops for biodiesel will need a huge amount of arable lands and fresh water, causing 
competition with food crops (Biswas et al., 2011). The choice of feedstock for biofuel is crucial and 
should have the lowest negative impact towards food supplies and be more environmentally and 
economically beneficial than fossil-based fuel (Hill et al., 2006). 
 
6.2 Pongamia as a Future Biofuel Feedstock 
Pongamia pinnata (pongamia), a non-food crop native to the Indian subcontinent and southeast 
Asia, is a fast-growing, leguminous tree that is traditionally used for medicine, fodder and fuel. In 
recent years it has been raising interest as an alternative sustainable source for biodiesel production 
due to the high oil content in its seeds (Scott et al., 2008; Biswas et al., 2011; Biswas et al., 2013). 
The fatty acid methyl esters (FAME) composition of pongamia oil met the American and European 
biodiesel specification standards, making it one of the most promising sources of biodiesel (Azam 
et al., 2005). Pongamia is highly tolerant against salt and drought and can grow on malnourished 
land, thereby averting the food versus fuel debate and eliminating competition for the resources 
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needed for food production. Moreover, pongamia trees are able to form symbiotic relationships with 
the nitrogen-fixing rhizobia and myrcorrhizal fungi, therefore enabling them to convert nitrogen gas 
to ammonia and improving their capacity to absorb water and mineral uptake, respectively 
(Scheublin et al., 2004; Bonfante and Genre, 2010; Ferguson et al., 2010; Samuel et al., 2013). 
Consequently, this will reduce the production and delivery costs of pongamia oil and reduce 
fertiliser-associated pollution.  
 
6.3 Importance of Flowering Time Control Study in Pongamia  
Although there are many advantages in growing pongamia for biodiesel production, there are still 
many aspects of pongamia that will need to be studied in order to domesticate it. To produce 
pongamia oil on a large-scale optimally, pongamia trees with elite cultivars and desirable traits need 
to be developed. One of these traits is flowering, which is responsible for the development and 
production of oil-rich seeds. The work presented in this thesis is an investigation of the reported 
flowering genes in Arabidopsis thaliana (arabidopsis) that might be involved in the flowering 
mechanisms of pongamia. 
 
Flowering is an important stage in plant development that is tightly regulated to protect their 
reproductive organs and maximise seed production (Jung and Müller, 2009; Samach, 2012). It is 
influenced by both internal physiological and external environmental factors, which vary between 
and within species (Allard, 1919; McDaniel and Hsu, 1976; Bernier and Périlleux, 2005; Andres 
and Coupland, 2012). One of the more commonly studied environmental factors is photoperiod, 
which is vital for the transition to the sexual reproduction state from the vegetative state in plants 
(Garner and Allard, 1920). There are many genes associated with the components of photoperiod 
flowering time control, including photoreceptors, circadian clock components and floral integrator 
genes. These genes have been extensively studied in the model plant arabidopsis (Imaizumi and 
Kay, 2006; Amasino and Michaels, 2010; Andres and Coupland, 2012). As the flowering times of 
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both arabidopsis and pongamia occur during early summer (long day condition), it is postulated that 
these genes may also be involved with photoperiod flowering time control in pongamia.  
 
6.4 Isolation of PpCOL-1 and PpPHYB in Pongamia  
In arabidopsis, CONSTANS (CO) gene is one of the major regulators of the photoperiodic regulation 
of flowering time control that belongs to the BBX proteins family (Koornneef et al., 1991; Putterill 
et al., 1995). A mutation in this gene resulted in late flowering phenotype under long day condition, 
while overexpression of the cauliflower mosaic virus 35S promoter (35S::CO) caused the plants to 
flower early regardless of the day length (Onouchi et al., 2000). In Chapter 3, a CONSTANS-LIKE 
(COL) gene homologue in pongamia, PpCOL-1, was isolated and its expression and structure were 
analysed.  
Similar to the CO gene in arabidopsis, the translated amino acid sequence of PpCOL-1 suggested 
that it too belongs to the BBX proteins family. The highly conserved B-box domain and the CCT 
motif also indicate that these regions are important for the role of BBX proteins family, including 
PpCOL-1. Consistent with several other CO-like genes in arabidopsis (COL1 and COL2) (Ledger et 
al., 2001), pisum sativum (pea) (PsCOLa) (Hecht et al., 2007), and medicago (COLs) (Wong et al., 
2014), PpCOL-1 showed a morning phase expression rhythm where its expression peak during 
morning and fall towards afternoon. This is different than the expression of CO in arabidopsis, 
which are regulated by light and peaked at the end of the day (Suarez-Lopez et al., 2001). They 
were also no significant differences in the level of expression of PpCOL-1 in long day and short day 
conditions. Therefore, it is highly likely that PpCOL-1 is not essential for photoperiod induction of 
flowering in pongamia, due to the lack of evidence for photoperiod specific of PpCOL-1 expression 
and also no coincidence of afternoon peak under LD condition which has been the characteristic of 
CO in arabidopsis. However, there is still a possibility that PpCOL-1 functions in the same way as 
CO-like, especially since the relation of CO expression with the photoperiodic regulation of 
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flowering in pongamia is still unknown. 
 
Apart from photoreceptors and circadian clock components, light perception and signal transduction 
also play a role in the photoperiodic control of flowering. Phytochromes, a class of photoreceptors, 
are proteins used to perceive light signals from the environment. The number of phytochrome 
members varies between plant species (Clack et al., 1994; Takano et al., 2005). Mutations in most 
of the PHY genes in arabidopsis caused a decrease in sensitivity to photoperiod, thereby modifying 
its flowering behaviour (Lin, 2000). In particular, PHYB repressed floral initiation and delayed 
flowering in plants under both long day and short day conditions. PHYB genes have also been 
reported to be highly conserved between plants species, including legumes (Kern et al., 1993; 
Weller et al., 2001; Takano et al., 2005; Wu et al., 2011). In Chapter 4, the photoreceptor PHYB 
gene in pongamia was isolated and its expression pattern in relation to different photoperiodic 
treatments in pongamia was also studied.  
 
Protein domains of PHYB; GAF, PHY, Histidine Kinase A, and Histidine kinase-like ATPase, C-
terminal domain (HATPase_c) were identified within the translated amino acid sequence of 
PpPHYB and found to be highly conserved with PHYB sequence from arabidopsis, soybean and 
medicago. This evidence is parallel to the universal function of PHYB across flowering species. 
Expression of PpHYB was regulated by circadian rhythm and does not appear to have photoperiod 
specific expression, consistent with the expression of PHYB in arabidopsis (Bognar et al., 1999; 
Hall et al., 2002). This evidence concurs with the light insensitive characteristic of PHYB (Sharrock 
and Quail, 1989). Furthermore, the involvement of PHYB in regulating flowering time in 
arabidopsis also does not seem to be dependant on day length, as PHYB acts by degrading CO 
protein in the morning regardless of the day length (Valverde et al., 2004; Jang et al., 2008).  
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6.5 Limitations and Future Directions 
One of the challenges in working with pongamia is the limited information on its genomic 
sequence. In other plants species especially arabidopsis and soybean, their genomic sequences 
databases were available, and most of the flowering genes have been studied. The genome of 
pongamia has not been annotated yet and this proves to be a challenge when transferring the 
knowledge of flowering genes from other species. Fortunately, short paired reads of genomic and 
transcriptome databases of pongamia were made available (Huang et al., 2012; Kazakoff et al., 
2012). Although these databases were not as convenient if compared to the whole genomic 
sequence, it can still be used for isolation of flowering genes of interest through the appropriate 
usage of bioinformatics approaches. Primers designed from these short paired reads, however, 
seems to be a hit and miss and requires multiple primers to be designed for the same region of 
interest. 
 
Future experiments focusing on the functional analysis of these genes is much needed to verify 
these results. One of the viable options that can be done is the ectopic overexpression of PpCOL-1 
in the late flowering mutant of co-1 and co-2 in arabidopsis. Ideally, overexpression of PpCOL-1 
with 35S::CO will be able to restore the late flowering phenotype of co-1 or co-2, which can 
suggest that PpCOL-1 has the same function as CO in arabidopsis. Similar studies have been 
conducted to CO and CO-like isolated in other plants species such as poplar (CO1 and CO2) (Hsu et 
al., 2012) and sugarbeet (BvCOL1) (Chia et al., 2008). In these studies, overexpression of the COLs 
was able to restore the late flowering phenotype of co mutants in arabidopsis. However, the same 
result was not observed in the overexpression of medicago COLs in the late flowering mutant of 
arabidopsis, and rule out the role of COLs as a central integrator of photoperiod response of 
flowering in medicago (Wong et al., 2014). Similar ectopic overexpression studies can also be done 
for PpPHYB in the early flowering phyb-deficient mutant in arabidopsis. 
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Working with the tree size of pongamia is also difficult, with many of the traits including flowering 
are only expressed when the trees are mature enough. The time that most pongamia trees take 
before they start to flower which is 3–4 years will eliminate any transformation study as it will take 
a very long time before the resulting phenotype can be observed, compared to other annual plants 
such as arabidopsis and soybean. However, pongamia has also been reported to have a wide genetic 
diversity between trees, and flowering time is one of the traits where the differences in the 
phenotype can be seen quite clearly (Jiang et al., 2012). These characteristic were used in the single 
nucleotide polymorphisms (SNPs) analysis in Chapter 5, in the attempt to establish a correlation 
between SNPs in the domain of PpPCOL-1 and PpPHYB with the late and flowering type 
respectively. SNPs identified, however, does not seems to be correlated with flowering phenotypes, 
which might suggest that PpCOL-1 and PpPHYB are not related to the flowering phenotypes 
observed in pongamia. Further SNP analysis will need to be done for the whole PpCOL-1 and 
PpPHYB to verify this results. 
 
In the future, methods described in this thesis can also be applied to isolate and analyse other 
flowering genes in pongamia such as FLOWERING LOCUS T (FT), PHYTOCHROME A (PHYA), 
CRYPTOCHROME 2 (CRY2), and GIGANTEA (GI). These genes have been characterised and 
extensively studied in arabidopsis and also in other species. This will aid in understanding their 
potential roles in the flowering regulation of pongamia.  
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6.6 Concluding Remarks 
The aim of this thesis is to increase our understanding of genes that might be involved in pongamia 
flowering. This was successfully achieved and the knowledge gained from this thesis provided a 
valuable insight into the roles of PpCOL-1 and PpPHYB in regards to the flowering time control in 
pongamia. PpCOL-1 and PpPHYB were isolated and characterised and their expression profiles in 
response to photoperiod were studied. Based on current evidence, these genes are not related to the 
flowering phenotype of pongamia. In summary, the findings of this thesis increase the 
understanding of orthologue flowering genes in pongamia and may be useful in future studies of 
flowering in this biodiesel potential plant. 
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Appendices 
Appendix 1 
 
Arabidopsis  
Flowering Gene 
Soybean  
Orthologue Gene(s) 
Number  
of Assembly 
Number  
of Reads 
Soybean sequence 
length (bp) 
Pongamia consensus 
sequence length (bp) 
Coverage 
(%) 
APETALA1 (AP1) Glyma01g08150 10 41 732 865 88 
Glyma02g13420 15 211 732 760 93 
CONSTANS (CO) 
Glyma13g07030 10 2834 1086 1218 95 
Glyma19g05170 15 4953 1101 1371 84 
Glyma08g28370 10 6405 1047 1457 100 
Glyma18g51320 15 6311 1059 1479 100 
CONSTITUTIVE 
PHOTOMORPHOGE
NIC 1 (COP1) 
Glyma02g43540 5 3785 2010 2436 100 
Glyma14g05430 10 3866 2028 2697 100 
CRYPTOCHROME 2 
(CRY2) 
Glyma18g07770 10 8410 654 1415 100 
Glyma20g35220 10 50163 1905 2877 100 
Glyma10g32390 5 11395 1905 2415 100 
Glyma02g00830 10 9963 1803 2783 100 
CYCLING DOF 
FACTOR 1 (CDF1) 
Glyma13g30330 20 1789 444 708 100 
Glyma15g08860 15 341 462 724 100 
FLAVIN KELCH F 
BOX 1 (FKF1) 
Glyma05g34530 15 54248 1863 2338 98 
Glyma08g05130 15 58797 1944 2449 100 
FLOWERING LOCUS 
D (FD) Glyma01g36810 15 42517 411 1096 27 
FLOWERING LOCUS 
T (FT) 
Glyma16g26660 10 7 531 533 0 
Glyma16g04830 15 18 519 549 91 
Glyma08g47810 20 152 528 649 100 
GIGANTEA (GI) Glyma09g07240 15 35727 3126 4511 100 
Glyma10g36600 10 28448 3513 4229 100 
LEAFY (LFY) Glyma06g17170 10 38 1230 1227 65 
Glyma04g37900 15 105 1056 1307 82.9 
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PHYTOCHROME A 
(PHYA) 
Glyma09g03990 20 328174 3414 4387 100 
Glyma15g14980 15 141745 3450 4249 100 
Glyma09g11600 15 1022 3363 3879 100 
Glyma15g23400 10 1391 2496 2838 100 
SCHLAFMÜTZE 
(SMZ) Glyma15g04930 10 7521 1458 2271 100 
SQUAMOSA 
BINDING PROTEIN 
LIKE (SPL3) 
Glyma13g31090 10 2088 417 1050 100 
Glyma15g08270 15 473 417 539 95 
SUPPRESSOR OF 
OVEREXPRESSION 
OF CONSTANS 1 
(SOC1) 
Glyma09g40230 10 755 636 1148 100 
Glyma18g45780 10 755 630 1149 100 
Glyma03g02200 10 5018 714 1153 100 
Glyma07g08830 10 4865 681 1519 100 
SUPPRESSOR OF 
PHYTOCHROME A 
(SPA1) 
Glyma07g06420 10 4410 3108 4205 100 
Glyma16g03030 10 3617 3072 4160 100 
TERMINAL 
FLOWERING 1 
(TFL1) 
Glyma19g37890 10 295 522 865 100 
Glyma03g35250 10 295 522 865 100 
Glyma16g32080 10 1224 519 1165 100 
Glyma09g26550 10 4762 522 1417 100 
TWIN SISTER OF FT 
(TSF) 
Glyma18g53690 10 123 522 605 100 
Glyma18g53680 10 53323 531 1399 100 
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Appendix 2 
 
Arabidopsis Flowering Gene Soybean Orthologue Gene(s) References Number of Reads 
CONSTANS (CO) 
Glyma19g05170 
Huang et al. 2011; Jiang et al. 2011; Liu et al. 2011 4,663 Glyma13g01290 
Glyma05g35150 
FLOWERING LOCUS T (FT) 
Glyma16g26660 
Kong et al. 2010; Sun et al. 2011 4,297 
Glyma16g04830 
PHYTOCHROME  (PHY) 
Glyma09g03990 
Liu et al. 2008; Watanabe et al. 2009; Wu et al. 2011 9,601 Glyma10g28170 
Glyma20g22160 
CRYPTOCHROME 2 (CRY2) 
Glyma04g11010 
Zhang et al. 2008 11,654 
Glyma10g32390 
GIGANTEA (GI) 
Glyma10g36600 
Watanabe et al. 2011; Li et al. 2013 28,635 Glyma20g30980 
Glyma09g07240 
FLAVIN KELCH F BOX 1 
(FKF1) 
Glyma05g34530 
Li et al. 2013 3,986 
Glyma08g05130 
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Appendix 3 
 
ID Primers Name Direction Sequence (5' to 3') Length (bp) Melting Temperature (oC) 
C1 COGm08F1 Forward AAAGCACAGCCACCACAAAC 20 65.1 
C2 COGm08F2 Forward CACCTTCCCTTCTTTCCCCA 20 67.3 
C3 COGm08R1 Reverse ACAAATAGAAGTCTGATTCAAAAGACA 27 62.0 
C4 COGm08R2 Reverse AGGACTGTATTTACAAATAGAAGTCTG 27 58.9 
 
 
 
 
 
 
 
 
 
 
 
 
